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Abstract
Proteins are complex machineries dedicated to drive many functions in eukaryotic cells.
In this article, two cases of protein dynamics and their implications to cellular functions
are discussed with computational approaches: membrane sculpting by F-BAR domains
and transient β-hairpin structure in α-synuclein.
Interplay between cellular membranes and their peripheral proteins drives many pro-
cesses in eukaryotic cells. Proteins of the Bin/Amphiphysin/Rvs (BAR) domain family,
in particular, play a role in cellular morphogenesis, for example curving planar mem-
branes into tubular membranes. However, it is still unclear how F-BAR domain proteins
act on membranes. Electron microscopy revealed that, in vitro, F-BAR proteins form
regular lattices on cylindrically deformed membrane surfaces. Using all-atom and coarse-
grained (CG) molecular dynamics simulations, we show that such lattices, indeed, induce
tubes of observed radii. A 250 ns all-atom simulation reveals that F-BAR domain curves
membranes via the so-called “scaffolding” mechanism. Plasticity of the F-BAR domain
permits conformational change in response to membrane interaction, via partial unwind-
ing of the domain’s 3-helix bundle structure. A CG simulation covering more than 350µs
provides a dynamic picture of membrane tubulation by lattices of F-BAR domains. A se-
ries of CG simulations identified the optimal lattice type for membrane sculpting, which
matches closely the lattices seen through cryo-electron microscopy. The molecular dy-
namics study offers, thereby, both a large-scale picture of membrane sculpting by F-BAR
domain lattices as well as atomic-level dynamic information about the involvement of the
individual F-BAR domain and its interactions with partner F-BAR domains and mem-
brane in the sculpting process.
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Parkinson’s disease is a common neurodegenerative disorder that originates from the
intrinsically disordered peptide α-synuclein aggregating into fibrils. It remains unclear
how α-synuclein monomers undergo conformational changes leading to aggregation and
formation of fibrils characteristic for the disease. In the present study, we perform molecu-
lar dynamics simulations (over 150 µs in aggregated time) using a hybrid-resolution model,
PACE, to characterize in atomic detail structural ensembles of wild type and mutant
monomeric α-synuclein in aqueous solution. The simulations reproduce structural prop-
erties of α-synuclein characterized in experiments, such as secondary structure content,
long-range contacts, chemical shifts and 3J(HNHCα)-coupling constants. Most notably,
the simulations reveal that a short fragment encompassing region 38-53, adjacent to the
non-Amyloid-β component region, exhibits a high probability of forming a β-hairpin; this
fragment, when isolated from the remainder of α-synuclein, fluctuates frequently into its
β-hairpin conformation. Two disease-prone mutations, namely A30P and A53T, signifi-
cantly accelerate the formation of a β-hairpin in the stated fragment. We conclude that
the formation of a β-hairpin in region 38-53 is a key event during α-synuclein aggrega-
tion. We predict further that the G47V mutation impedes the formation of a turn in the
β-hairpin and slows down β-hairpin formation, thereby retarding α-synuclein aggregation.
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Chapter 1
Introduction ∗
All living cells rely on diverse proteins for their cellular life, e.g., shaping cells and or-
ganelles, transmitting signals through neurons, activating metabolic pathways and orga-
nizing [?]. In this article, two cases of protein dynamics and their implications to cellular
functions are discussed with computational approaches: membrane sculpting by F-BAR
domains (Chapter 3) and transient β-hairpin structure in α-synuclein (Chapter 4).
1.1 Membrane Sculpting by F-BAR Domains
Interplay between cellular membranes and their peripheral proteins drives many cellular
processes, including cell division, growth, movement and cell-cell communication [4–9].
During their lifetime and often with the help of membrane peripheral proteins, eukary-
otic cells dynamically sculpt their various types of compartments [5, 8, 10–15]. Recently,
increasing attention has been paid to these proteins [14–26].
Proteins of the Bin/Amphiphysin/Rvs (BAR) domain family play an important role
in membrane remodeling, by inducing and stabilizing membrane curvature [16, 27–29].
For example, BAR domain deficiency is related to a wide range of cancers and blood
∗This section is partially based on two articles [?, 3]. (1) Hang Yu and Klaus Schulten, “Mem-
brane sculpting by F-BAR domains studied by molecular dynamics simulations”. PLoS Comput. Biol.,
9:e1002892, 2013. (2) Hang Yu, Wei Han, Wen Ma and Klaus Schulten, “Transient β-Hairpin Forma-
tion in α-Synuclein Monomer Revealed by Long-time Coarse-grained Molecular Dynamics Simulation”.
J. Chem. Phys., submitted, 2015.
1
disorders [30]. Resolved structures show that BAR domains form crescent-shaped ho-
modimers, the monomers being composed of coiled-coil association of a 3-helix bundle
structure [16,31–34]. Three sub-families of BAR domains, namely N-BAR domains, FCH-
BAR (F-BAR) domains and Inverse-BAR (I-BAR) domains, differ from each other in their
structure and physiological function [10,35–39]. In contrast to N-BAR domains that form
a banana shaped dimer, F-BAR domains are elongated and only gently curved [40, 41].
A high density of positive charge is found on the part of the protein that is destined to
interact with negatively-charged membranes [5, 33, 42, 43]. While N-BAR domains stabi-
lize highly curved membrane structures, F-BAR domains stabilize membrane structures
of small degree of curvature [16, 33, 35, 41, 44]. N-BAR domains also have an N-terminal
amphipathic helix, which aids membrane curvature stabilization by membrane insertion.
Such helix is lacking in the case of F-BAR domains [40, 41]. Both N-BAR domains and
F-BAR domains are found to induce formation of tubules in vitro [20, 21,40].
Two mechanisms of membrane curvature generation by BAR domain proteins have
been proposed [10,16,38,39,41]. According to the “scaffolding” mechanism, BAR domains
bend membranes by attracting negatively-charged lipid headgroups to their positively-
charged curved surface [10, 16, 39, 41]. During the scaffolding process, a BAR domain
is considered to act as a rigid body, to which lipids are attracted via electrostatic in-
teraction, transferring membrane binding energy into membrane bending energy [39, 45].
According to the “membrane insertion” mechanism, a BAR domain inserts its amphi-
pathic groups like “wedges” into one leaflet of the membrane and, thereby, curves the
membrane [5, 38, 41]. N-BAR proteins use their N-helix as an amphipathic wedge, while
for the F-BAR domain it is suspected that residue Phe117 inserts its bulky side chain
into the membrane [10,33,41,46–49]. Either mechanism involves strong membrane-protein
interactions.
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1.2 Transient β-Hairpin Formation in α-Synuclein
The aggregation of disordered proteins is linked closely to the occurrence of many neu-
rodegenerative diseases and, accordingly, has been the subject of intense study in the life
sciences as well as in the physical sciences [50–57]. Disordered proteins, though devoid
of well-defined structures, are suggested to exhibit certain structural features essential
for disease-related aggregation processes [51, 58–61]. Although this hypothesis starts to
receive support in case of aggregation of short peptides [51, 55, 60, 62–72], it remains un-
clear whether and how specific structures of long peptides arise and affect the aggregation
processes. Atomic detail of the protein structures, which holds the key to addressing
these questions, is difficult to obtain experimentally as well as computationally. The
major computational challenge arises from the enormous conformational spaces of large
disordered proteins.
Parkinson’s disease, a neurodegenerative disorder, is attributed to the misfolding and
aggregation of a 140 amino acids (a.a.) presynaptic protein, named α-synuclein [51,
73–76]. An α-synuclein monomer contains three regions with distinct compositions of
a.a. (FIG. 1.1A): (i) an amphipathic N-terminal region (region 1-60) that tends to form
α-helical structure; (ii) a non-Amyloid-β component (NAC) region (region 61-95) that
is hydrophobic and tends to form β-sheet structure; (iii) an unstructured C-terminal re-
gion (region 95-140) including 14 acidic a.a. [77–85]. In solution, monomeric α-synuclein
does not assume a well-defined structure [77–79, 81, 86, 87]. Under pathological condi-
tions, α-synuclein undergoes disorder-to-order structural transitions, forming partially
structured oligomers, and eventually self-assembles into highly-ordered amyloid fibrils ex-
hibiting cross-β-sheet structure [50, 71, 75, 80, 88, 89]. Formation of α-synuclein amyloid
fibrillar aggregates is a hallmark of Parkinson’s disease [71,90–92].
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Figure 1.1: Overall structural features of α-synuclein monomer. A. Schematic depiction of α-synuclein
structure. N-terminus, NAC region and C-terminus are colored blue, pink and red, respectively. Starting
and ending residue ID for N-terminus, NAC region and C-terminus are labeled. The locations of point
mutations, A30P and A53T, are labeled in green and blue, respectively. B. Representative structure
of α-synuclein conformations containing β-hairpins. The representative structure is chosen from the
center structure of all sampled α-synuclein conformations with the β-hairpin conformations, such that
the backbone of each member of the β-hairpin conformations in the group falls within an RMSD distance
of 6 A˚ to the center structure. N-terminus, NAC region and C-terminus are colored blue, pink and red,
respectively. Part of the C-terminus forms a β-strand attached to the β-hairpin. The first two regions
involved in the fibril core are labeled β1 (region 38-44) and β2 (region 47-53). The coloring scheme
used is applied throughout the further figures of this study. Shown beneath the structure is a schematic
depiction of the β-hairpin. The coloring scheme is the same as that in panel A except for the gold part
denoting the β-hairpin region. The schematic depiction serves as a structural guide of α-synuclein in
further figures.
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Chapter 2
Overview of Methodology
2.1 Molecular Dynamics Simulation
Molecular dynamics (MD) simulation is a computational method to study the time-
dependent behavior of a system in silico. MD is widely used in many applications, espe-
cially to study the structure and dynamics of biomolecules. For this purpose, a typical
MD simulation starts with a biomolecule in its physiologically relevant state together
with molecules in the environment, i.e., water and ions. The structure and dynamics
of the biomolecule can be observed during a MD simulation, just like a computational
microscope. A major MD simulation software NAMD [2] and a MD visualization software
VMD [1] are developed in Professor Schulten’s Theoretical and Computational Biophysics
Group in University of Illinois, Urbana-Champaign.
The motions of the molecules are calculated by forces exerted on them from all sur-
rounding atoms based on Newton’s Second Law:
~Fi = mi~ri, (2.1)
where ~Fi is the force exerted on atom i. Force exerted on a particles is calculated from
interaction potentials, which are essential to MD simulations. The interaction potentials
between particles are usually obtained from accurate measurements and calculations. In
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all-atom simulations, a set of typical interaction potentials is composed of many-body
interaction potentials between atoms. The interaction potentials are described in the MD
simulations as a set of input parameters known as the forcefield.
2.2 Forcefield
A MD forcefield is a set of files that define how particles interact with the rest of the sys-
tem. The MD forcefield contains information about particle types, particles’ electrostatic
charges, particles’ bonding information and interaction parameters between particles. In
an all-atom simulation forcefield, interaction potentials are typically expressed as a sum
of potentials:
Utotal = Ubond + Uangle + Udihedral + Uimproper + Uelec + Uvdw. (2.2)
The former four terms describe the bonded interactions in the system, e.g., bond-stretching
interactions between two bonded particles (Ubond), angle-bending interactions between
three consecutively bonded particles (Uangle), angle-rotation interactions between four
consecutively bonded particles (Udihedral) and angle-rotation interactions between three
particles bonded to a center particle (Uimproper). The latter two terms describe the non-
bonded interactions in the system, e.g., electrostatic interactions (Uelec) and van Der
Waals interactions (Uvdw) between non-bonded particles.
Bond-stretching interactions represent the interactions of bond stretching between two
bonded particles. Bond-stretching interactions are described in harmonic potential:
Ubond(r) =
1
2
kb(r − r0)2, (2.3)
where kb is force constant of bond-stretching, r bond length and r0 bond equilibrium
length.
Similarly, angle-bending interactions represent the interactions of angle bending be-
tween three consecutively bonded particles. Angle-bending interactions are also described
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in harmonic potential:
Uangle(θ) =
1
2
kθ(θ − θ0)2, (2.4)
where kθ is force constant of angle-bending, θ bond angle and θ0 equilibrium bond angle.
Dihedral interactions represent the interactions of angle rotation between four consec-
utively bonded particles. The dihedral angle is the angle between the plane containing
the first three particles and the one containing the last three particles:
Udihedral(φ) =
∑
n
Vn
2
[1 + cos(nφ− γ)], (2.5)
where Vn is barrier height of dihedral angle rotation, φ dihedral angle and γ phase shift.
Typically “multiplicity” values n are 1, 2, or 3.
Improper interactions represent the interactions of angle rotation between three par-
ticles bonded to a center particle. The improper angle is the angle between the plane
containing the first three atoms and the one containing the last three:
Uimproper(ψ) =
1
2
kimproper(ψ − ψ0)2, (2.6)
where kimproper is force constant of improper angle rotation, ψ improper angle and ψ0
equilibrium improper angle.
While for non-bonded interactions, electrostatic interactions represent charges and
partial-charges interactions with the Coulomb potential
Uelec(rij) =
qiqj
4pi0rij
, (2.7)
where qi and qj are charges on atoms i and j, respectively, rij distance between the two
atoms and 0 dielectric constant in vacuum.
The last interaction, Van der Waals interactions represent attractive and repulsive
potentials other than bonded interactions and electrostatic interactions. The Van der
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Waals interactions are approximated through the Lennard-Jones 12-6 function:
UV DW = 4ij[(
σij
rij
)12 − (σij
rij
)6], (2.8)
where ij is potential well depth for atoms i and j, rij distance between the two atoms
and σij collision distance of the two atoms.
Taken together the interaction potentials defined in Equation 2.2 determine the inter-
actions within an MD simulations. Major forcefield packages include CHARMM [93,94],
X-PLOR, AMBER, and GROMACS. A major MD simulation software NAMD [2], devel-
oped in Professor Schulten’s Theoretical and Computational Biophysics Group, supports
all four major forcefield packages. A CMAP correction table [95] was developed to correct
backbone dihedral energy. Standard simulation protocol of CHARMM [93, 94] forcefield
with CMAP correction [95] was employed throughout the study for all-atom simulations.
2.3 Shape-based Coarse-grained Simulations
The shape-based coarse-grained (SBCG) method was developed to simulate protein and
lipid assemblies and had been applied successfully to study viral capsids [96,97] as well as
N-BAR domain protein [27,28,97]. Mass and charge of individual CG beads were based on
total mass and charge of the corresponding part of the all-atom protein, resulting in similar
charge distributions of all-atom and SBCG F-BAR domain (Fig. 3.1C, D). Protein shape
is maintained in SBCG simulations by harmonic bond and angle potentials Vbond(r) =
Kb(r − r0)2 and Vangle(θ) = Ka(θ − θ0)2, respectively, obtained from all-atom simula-
tions as described in [27]. Initial estimates of force field parameters Kb, r0, Ka, θ0 were
obtained in the present study through Boltzmann inversion (Fig. 3.2) [96, 97]. To match
Kb and Ka to all-atom simulations, an iterative approach was employed. This approach
was automated using the following equations.
Kb = Kb,obs−m(Kb,obs−Kb,aa ) (2.9)
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Ka = Ka,obs−m(Ka,obs−Ka,aa ) (2.10)
Kb, aa and Ka, aa are bond and angle constants obtained from the all-atom simulation, and
Kb, obs and Ka, obs are bond and angle constants obtained from coarse-grained simulations
from each iterative refinement; m, n are constants. Kb and Ka obtained from the formula
above was adopted iteratively in a series of SBCG simulations for further and eventually
converged refinement.
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Chapter 3
Membrane Sculpting by F-BAR
Domains ∗
3.1 Introduction
BAR domains are found to shape low-curvature liposomes into high-curvature tubules in
vitro [10,41,98]. Such extensive membrane remodeling requires collective action of multiple
BAR domains. Striations observed on the surface of BAR domain-induced tubules suggest
that the tubules are covered by an ordered arrangement of the proteins [10, 22, 41, 98].
Recent observations revealed that well-organized spirals of BAR domains form on the
surface of membrane tubules [22,41]. Differences in lattices formed by BAR domains may
result in variations of membrane curvature and structure [41]. However, it remains unclear
how membrane curvature depends on the type of F-BAR domain lattice arrangement.
Two further open questions are: How do individual F-BAR domains interact with a
membrane to form local curvature? What dynamics is involved in membrane curvature
formation by F-BAR domain lattices?
Computational approaches, especially molecular dynamics (MD) simulation, are proven
tools for the study of membrane-protein interactions [3, 99–117]. Recent studies on
∗This chapter appeared as a research article in PLOS Computational Biology [3]. Hang Yu and
Klaus Schulten, “Membrane sculpting by F-BAR domains studied by molecular dynamics simulations”.
PLoS Comput. Biol., 9:e1002892, 2013.
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membrane deformation by BAR domain proteins include the study of local deforma-
tion of membranes by single N-BAR domains [15, 36, 49, 118], of large-scale membrane
structure deformation by multiple N-BAR domains described by coarse-grained mod-
els [27, 28, 97, 119, 120] and of large scale membrane deformation under the influence of
BAR domains [121–124].
Extending previous studies [27,28,97,119], we present here the first all-atom molecu-
lar dynamics simulations of F-BAR domains acting on a lipid bilayer in a fully solvated
system. We explore the system in an equilibrated state without restraints and seek to
reveal how F-BAR domains produce membrane curvature by conformational change of
their coiled-coil 3-helix bundle structure. We also test the mechanism underlying mem-
brane bending by mutating key positively-charged residues of the F-BAR domain. We
then employ a shape-based coarse-grained (SBCG) model developed in our group [97] to
examine the effect of the F-BAR domain lattice arrangement on membrane sculpting;
variations of the lattice are found to form a wide range of membrane curvatures. Fi-
nally, we demonstrate through simulations how F-BAR domain lattices form a complete
membrane tubule.
3.2 Methods
The atomic coordinates of Homo sapiens EFC/F-BAR domain were taken from Protein
Data Bank (pdb code: 2EFK) [16]. Nine residues missing at the N-terminus of EFC/F-
BAR domain were modeled based on residue 1 to 9 present in the highly homologous
FBP17/F-BAR domain (pdb code: 2EFL) [16]. In all simulations reported here an F-
BAR domain homo-dimer was employed as a protein unit, since the homodimer is expected
to be the active form of the protein as shown in experiments [10, 16, 41]. The dimer con-
formation is shown in Fig. 3.1A. Lipid membranes composed of 67% dieleoylphosphatidyl-
choline (DOPC) lipids (neutral) and 33% dioleoylphosphatidylserine (DOPS) lipids (−1 e
charged) were assumed in all simulations; the latter were performed with NAMD 2.7 [2].
Table ?? lists size and timescale of the simulations carried out and demonstrates the
11
multiscale nature of the present study.
Simulation Description Time Type
WT1 Wild type, equilibration 1 of a 250 ns all-atom
single wild type F-BAR domain
on top of a lipid patch (Fig. 3.1)
WT2 Wild type, equilibration 2 of a 175 ns all-atom
single wild type F-BAR domain
on top of a lipid patch (Fig. 3.1)
NC No charge, equilibration of a single 80 ns all-atom
F-BAR domain with positive
charges on certain residues
abolished, on top of a lipid patch
NL1 No lipid, equilibration 1 of a single 160 ns all-atom
wild type F-BAR domain in water
NL2 No lipid, equilibration 2 of single 160 ns all-atom
wild type F-BAR domain in water
WT1DEL Starting from final frame of WT1, 25 ns all-atom
residues 56 to 60 of the F-BAR
domain are deleted
WT1WAT Starting from final frame of WT1, 85 ns all-atom
the membrane is removed and the
F-BAR domain is solvated in water
8 F-BARs Equilibration of 8 wild type 175 ns all-atom
F-BAR domains on top of a lipid
patch (Fig. 3.3)
LATTICES More than 30 simulations with 3µs SBCG
different F-BAR domain lattices
on top of a lipid patch (Fig. 4)
SBCG Equilibration of 8 SBCG F-BAR 175 ns SBCG
8 F-BARs domains on top of a lipid
patch (Fig. S010).
TUBULATION 68 F-BAR domains arranged in a 350µs SBCG
lattice on top of a large lipid patch
(Fig. 6, 7 and Video S3)
Table 3.1: Simulations performed in this study.
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Figure 3.1: All-atom and SBCG model of F-BAR domain and membrane. The F-BAR domain is shown
as the all-atom (A) and the SBCG (B) model in side-view and top-view, with monomers differentiated
by colors purple and orange. Charge distribution of all-atom (C) and SBCG (D) F-BAR domain. In
the all-atom model, positively and negatively charged residues are shown in red and blue, respectively.
In the SBCG model, the charge on each bead is color-coded on a scale from −2.2 e (blue) to 2.2 e (red).
All-atom (E) and SBCG (F) model of the DOPC/DOPS membrane. The neutral DOPC head groups
are colored blue, and the negatively charged head groups on DOPS are colored in red. Starting (top)
and final (bottom) conformation of all-atom (G) and SBCG (H) model of a single F-BAR domain and
membrane.
3.2.1 All-atom Simulations
All-atom simulations were carried out to study membrane bending by a single F-BAR
domain. For simulations WT1, WT2 and NC, a flat lipid membrane of 150 DOPC
molecules was constructed with the VMD membrane builder tool [1]. After 10 ns of
equilibration, 33% of lipid headgroups were randomly chosen to be mutated to DOPS
headgroups. The DOPC/DOPS membrane was then equilibrated for 20 ns. After repli-
cating the DOPC/DOPS membrane to reach a dimension of 36 × 10 nm2, an F-BAR
domain dimer was placed on top of the resulting patch with no initial contacts to the
membrane. For all all-atom simulations, sodium and chloride ions were added to neutral-
ize the simulated systems and to reach an ion concentration of 0.15 M/L; the TIP3P water
model [125] was used for solvation. The resulting models contained 0.4 M atoms. The
systems in simulation WT1, WT2 and NC were equilibrated for 1 ns with protein and lipid
atoms constrained to their initial positions (with spring constant 0.01 kcal/(mol nm2)) and
then simulated without any constraints for 250 ns, 175 ns and 80 ns, respectively.
In simulation WT1WAT, the final conformation, i.e., the one at 250 ns, was taken from
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simulation WT1 and the membrane removed. The system was then solvated and equili-
brated with the same procedure as WT1. In simulation WT1DEL, the final conformation
was taken from simulation WT1 and residues 56 to 60 of the protein removed. The system
was then solvated and equilibrated using the same procedure as for WT1. In simulation
NC, positive charges along the concave surface of the F-BAR domain were abolished on
the following residues: Lys171, Lys173, Lys27, Lys30, Lys33, Lys110, Arg113, Lys114,
Arg121, Arg122, Lys132, Lys138, Arg139, Lys140, Arg146, Lys150, Lys51, Lys52, Arg57;
this was achieved by adding -0.25 charge to NZ, HZ1, HZ2, HZ3 atoms of lysine residues
and -0.5 charge to NH1 and NH2 atoms of arginine residues, while preserving the protein
structure.
For the all-atom simulations the CHARMM27 force field with CMAP correction for
proteins and ions [93, 94], alongside TIP3P water [125], was assumed. Simulation de-
tails can be found in [27, 97]. The simulations described an NPT ensemble; tempera-
ture was maintained at 310 K through a Langevin thermostat with a damping coeffi-
cient γ = 0.5 ps−1 [126]; pressure was maintained at 1 atm with a Langevin-piston baro-
stat [126]. Short-range non-bonded interactions were cut off smoothly between 1 and
1.2 nm; long-range electrostatics was computed with the PME algorithm [127]; simula-
tions were performed with an integration time step of 2 fs in NAMD 2.7 [2].
3.2.2 Shape-based Coarse-grained Simulations
As discussed earlier, the shape-based coarse-grained (SBCG) method was developed to
simulate protein and lipid assemblies and had been applied successfully to study viral
capsids [96, 97] as well as N-BAR domain protein [27, 28, 97]. For the current study
the F-BAR domain protein was represented by 60 CG beads arranged according to the
protein’s shape, corresponding to 150 atoms per bead. The conformation of the SBCG F-
BAR dimer matches closely that of the all-atom F-BAR domain (Fig. 3.1B). After several
rounds of testing, m = 0.5 and n = 0.3 were established as giving bond and angle
parameters that best agreed with all-atom simulations and were adopted for iterative
refinement (Fig. 3.2). Pearson’s correlation coefficients between the parameters obtained
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from SBCG and all-atom simulations were 0.965 for Kb and 0.964 for Ka. As in [97], each
SBCG lipid is composed of a head bead and a tail bead, connected by a harmonic bond.
Each bead represents 2.2 DOPC or DOPS lipid molecules on average. The conformation
of the all-atom and SBCG lipids is shown in Fig. 3.1E, F.
A Langevin equation was used to simulate the CG beads as described in [27], with
solvent being modeled implicitly. A uniform dielectric constant  = 1 was assumed as
rationalized in [27]. Simulations of F-BAR domains on top of a membrane patch in both
all-atom and SBCG representations indicated that SBCG matches the time-scale and
the membrane curvature of all-atom simulations quite well (Fig. 3.1G, H and Fig. 3.3).
However we did not observe, in case of the coarse-grained model, the binding-bending
phases as seen in the all-atom simulations. Since the binding-bending phases occur on
a nanometer scale, while the coarse-grained model (150 atoms per bead) resolves only
a 10-to-50 nm scale, the latter model cannot reproduce the detailed energy landscape
of the all-atom model. However, the coarse-grained model was calibrated based on the
all-atom forcefield and, therefore, matches overall properties of the all-atom model (Fig. 9
and Fig. 3.2 ). The main objective of the coarse-grained simulations carried out is to
study, on a 100µs timescale and on a 100 nm length scale, the collective action of F-BAR
domains forming lattices.
All SBCG simulations were carried out with NAMD 2.7 [2]. The integration time
step was t = 100 fs. Periodic boundary conditions were assumed. In the longer dimen-
sion of the periodic cell, i.e., along the x-axis, the membrane was discontinuous (with
free edges) to permit membrane bending and tube formation. A periodic box of di-
mension 75 × 15 × 50 nm3 was used for simulations LATTICES and one of dimension
200× 17× 200 nm3 for simulation TUBULATION (Table 1). The simulations described an
NVT ensemble; a Langevin thermostat was used to maintain temperature at 310 K [126].
The membrane was a randomized mixture of 67% neutral and 33% negatively-charged
lipids, i.e., the same as in the all-atom simulations. In simulation TUBULATION (Ta-
ble 1), the membrane patches were 380 nm in length, corresponding approximately to the
circumference of a tube of 60 nm radius; the simulation was carried out for 350µs. The
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Figure 3.2: Bond and angle parameters of the SBCG simulation in comparison with those of the all-atom
simulation. Bond and angle parameters obtained from Boltzmann inversion of the all-atom simulation
are shown as a green line, those from the all-atom simulation as a blue line and those from automated
iterative refinement as a red line.
Figure 3.3: Comparison of simulations 8-F-BARs (all-atom) and SBCG 8-F-BARs (SBCG, see Table. 1).
Conformation of 8 F-BAR domains on top of a lipid patch are shown at t = 0 and t = 175 ns. Individual
F-BAR domains are differentiated by color; tails of membrane lipids are colored grey; the neutral DOPC
head groups are colored blue and the negatively charged DOPS head groups red.
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conformation reached at 350µs (see Fig. 3.18b) was taken and, in order to make mem-
brane edges meet and fuse together, a force of 0.67 pN was applied to the F-BAR domain
atoms towards the center of mass of the system using the gridforce method [128]. At the
beginning of simulations LATTICES and TUBULATION, F-BAR domain dimers were
placed in a regular arrangement (lattice) on top of the DOPC/DOPS membrane without
initial contacts to the membrane.
3.2.3 Visualization and Analysis
Analysis and visualization were performed using VMD [1]. As in [27], the tail bead
positions of the SBCG lipids define an x, z-plane, with the x-axis being defined by the
longest dimension of the unit cell membrane patch at time t = 0 and the z-axis being
perpendicular to the membrane patch at time t = 0. The radius of curvature of the
membrane was calculated by least-squared fitting of a circle to the obtained membrane
profile in the x, z-plane. No significant membrane curvature developed in the y-direction.
Sequence and structural conservation analysis was performed with the multiseq plugin
of VMD [129]; secondary structure analysis of F-BAR domains was performed using the
timeline plugin of VMD [1].
3.3 Results/Discussion
F-BAR domains are known to bind to membrane surfaces and generate membrane vesicles
as well as tubules with radii in the range 25 - 100 nm [10, 22, 41, 98, 130]. To reveal the
mechanism of membrane curvature generation by F-BAR domains, we employ all-atom
and coarse-grained molecular dynamics simulations to characterize the effect of F-BAR
domains on membrane curvature. Table ?? lists size and timescale of the simulations
carried out and demonstrates the multiscale nature of the present study.
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Figure 3.4: Interaction of an individual F-BAR domain with a lipid membrane. (A) Lipid membrane
interaction with the wild type F-BAR (WT) domain (as described in simulation WT1) and F-BAR
domain with positive charges on residues along the inner leaflet abolished (as described in Methods for
simulation NC). WT binds to the membrane in 30 ns and generates a 28 nm radius of curvature within
100 ns. In the case of NC, the F-BAR domain does not bind to the membrane over 80 ns and the membrane
remains flat. Membrane lipids are colored in grey; F-BAR proteins are colored in blue and orange to
distinguish the monomers. (B) Locations of residues 56 to 60 and the positively-charged residues along
the inner surface of the F-BAR dimer. Location of residues 56 to 60 at time t = 0ns (insert left) and
t = 50ns (insert right); the membrane is shown in grey surface representation; F-BAR proteins are
colored in blue and orange to distinguish the monomers. Representative residues interacting with lipid
are colored in green, brown, blue, purple and grey as well as highlighted by red arrows; interacting lipids
are shown in green stick representation. (C) Number of contacts formed between negatively-charged
DOPS lipid headgroups and positively charged residues along the inner surface of F-BAR domains. A
contact is considered formed if nitrogen atoms of Arg/Lys residues are within 5 A˚ of an oxygen atom of
a DOPS lipid headgroup. Contact of representative residues with lipid are colored in green, brown, blue,
purple and grey as in (B). Additional contacting residues are shown in Fig. 3.5.
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Figure 3.5: Location of key positively charged residues on the F-BAR domain and their interaction with
the membrane in simulation WT1. (A) F-BAR proteins are colored in blue and orange to distinguish the
monomers. Colored red is cluster 1, which includes residues Lys27, Lys30, Lys33, Lys110, Arg113, Lys114,
Arg121 and Arg122. Colored purple is cluster 2, which includes residues Lys132, Lys138, Arg139, Lys140,
Arg146 and Lys150. Colored black are positively charged residues near the short loop of residues 56 to
60, which include residues Lys51, Lys52 and Arg 57. Colored green are positively charged residues at the
end of the helix, which include residues Lys171 and Lys173. Residues Lys138, Lys173 and Phe117 do not
form contact with negatively charged lipids. (B) Number of contacts formed between negatively-charged
DOPS lipid headgroups and positively charged residues along the inner surface of F-BAR domains. A
contact is considered formed if nitrogen atoms of Arg/Lys residues are within 5 A˚ of an oxygen atom of
a DOPS lipid headgroup. Contacts of representative residues with lipid are colored in purple, red and
black, the colors corresponding to the clusters defined in (A).
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3.3.1 The F-BAR Domain Binds and Curves a Membrane via
Scaffolding
The results of two separate all-atom equilibrium simulations of single F-BAR domains (WT1
and NC) binding to negatively charged lipid bilayers, consisting of 33% DOPS and 67%
DOPC, are shown in Fig. 3.4A. An F-BAR domain dimer was placed on top of the re-
sulting patch with no initial contacts to the membrane. In simulation WT1, the wild
type F-BAR domain was employed; in simulation NC, the positive charges of selected
residues (see Methods) along the inner surface of the wild type F-BAR domain were
neutralized without changing residue structure.
In simulation WT1, the wild type F-BAR domain binds to the membrane within
30 ns, at which moment most positively charged residues are in close contact with the
negative charges on DOPS headgroups (Fig. 3.4B); at this point the membrane curvature
gradually increases to reach a maximum within 100 ns. Several positively charged residues
are found to form close contacts with negatively charged DOPS headgroups. Two clusters
of positively charged residues, cluster 1 (residues Lys27, Lys30, Lys33, Lys110, Arg113,
Lys114, Arg121, Arg122) located at the center of the F-BAR domain and represented
by Lys114 and Lys33, and cluster 2 (residues Lys132, Arg139, Lys140, Arg146, Lys150)
represented by Lys132 and located at the side helices of the F-BAR domain, are found to
form extensive contacts with DOPS headgroups in the course of the simulation (Fig. 3.4C
and Fig. 3.5). Indeed, clusters 1 and 2 are important for binding and membrane curvature
formation; mutation of the residues mentioned can abolish lattice formation [41]; most
of the stated residues are conserved in both their sequence and structural context across
different species and different F-BAR domains (Fig. 3.6 and Fig. 3.7 ). In contrast,
residues Lys138 and Lys173 do not form contacts with the negatively charged membrane,
suggesting that their main function is to form salt bridges with neighboring residues to
maintain the F-BAR domain structure (Fig. 3.5).
Several positively charged residues, namely arginine residues Arg27, Arg113 and Arg121,
are also found to interact with lipids while at the same time interacting with negative
charges on the F-BAR domains (Fig. 3.5 and Fig. 3.8), suggesting that these positively
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Figure 3.6: Sequence conservation of F-BAR domain family proteins. (A) F-BAR domain family
protein monomer colored according to sequence conservation; conserved residues are colored red, and
non-conserved residues are colored blue. (B) Alignment of F-BAR domain family protein monomers
colored according to sequence conservation. Key positively charged residues are highlighted in green.
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Figure 3.7: Structural conservation in F-BAR domain family proteins. (A) F-BAR domain family
protein monomer colored according to structural conservation; conserved residues are colored red, and
non-conserved residues are colored blue. (B) Alignment of F-BAR domain family protein monomer
colored according to structural conservation. Key positively charged residues are highlighted in green.
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charged residues play both structural and membrane binding/bending roles. The argi-
nine residues interact with neighboring negatively charged residues to maintain the F-
BAR domain structure, while interacting with lipids to anchor the F-BAR domain to
the membrane. Residue Phe117 had been suggested to induce membrane deformation
by membrane insertion [33,41]. However, over the course of simulations WT1 and WT2,
residue Phe117 is found to get buried inside the protein helix bundle and not to form
contacts with the membrane (Fig. 3.5B).
Binding of the wild type F-BAR domain to the membrane occurs sequentially, from
sides to center (Fig. 3.4C). Contacts between residue cluster 1 (represented by residue
Lys171) and negatively charged lipids forms within the first few nanoseconds of simula-
tions WT1, showing that cluster 1 residues play a key role in adhering the protein to
the membrane. Contacts between cluster 2 (represented by residue Lys132) and mem-
brane form last, suggesting that cluster 2 residues are important for curvature generation,
by attracting lipid to the protein. All contacts between positively charged residues and
membrane formed within 40 ns of simulation WT1.
3.3.2 Side Loops Formed by Residues 56 to 60 Maintain the
F-BAR Domain in an Upright Orientation
As shown in Fig. 3.4C, residue Arg57 forms a long lasting contact with the membrane.
This residue is located on a short loop formed by residues 56 to 60. This loop contains
dense positive charges (Lys56, Arg57, Lys60) and partially inserts Pro58 into the mem-
brane. However, the insertion did not occur until 80 ns in simulation WT1, i.e., after the
protein is fully bound to the membrane. The absence of loop insertion during the early
stage of protein-membrane interaction suggests that the 56-60 loop does not contribute
directly to membrane binding or initial curvature development. The area of the membrane
taken up by the loop is 0.6 nm2, which is much smaller than the membrane area taken by
the N-helix of the N-BAR domain. According to [121], to effectively deform a membrane
of 1000 nm2 with loop insertion, at least 120 nm2 membrane area needs to be taken up by
the protein insertions, corresponding to 120 nm2 / 0.6 nm2 = 200 loops, i.e., 100 F-BAR
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Figure 3.8: Behavior of key residues in F-BAR domain simulation WT1. (A) Location of the key
residues on the F-BAR domain. F-BAR proteins are colored in blue and orange to distinguish the
monomers. Colored red are the Pro210 residues of the two monomers; the pro210-pro210 distance reflects
inter-monomer motion. Colored blue is residue Ala256; the Pro210-Ala256 distance characterizes intra-
monomer motion. Three internal salt bridges are formed by residues Glu15 and Arg113, Asp23 and
Arg27, Glu12 and Arg121 colored purple, black and green, respectively. (B) Inter-monomer and intra-
monomer movement of F-BAR domain dimer. Colored red is the distance between Cα atom of Pro210 on
two monomers, the distance characterizing inter-monomer motion. Colored blue is the distance between
Cα atom of Pro210 and of Ala256, the distance characterizing intra-monomer motion. Original data
are shown in gray and running averages over 10 ns in color. Interactions between F-BAR domain and
membrane do not induce conformational change in the central helices. (C) Dynamics of three internal
salt bridges characterized through the respective bond distances. Colored purple is the distance between
CZ atoms of Arg27 and CG atom of Asp23; colored black is the distance between CZ atoms of Arg121
and CD atom of Glu12; colored green is the distance between CZ atoms of Arg113 and CD atom of
Glu15. Original data are shown in gray and running averages over 10 ns in color. Arginine residues 27,
121, 113 interact with neighboring residues and at the same time with membrane lipids. See also Fig. 1
and Fig. 3.5.
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dimers. However, the area of membrane plane taken by an F-BAR domain is 27.4 nm2 per
dimer and for 100 F-BAR dimers, a lipid area of 27.4 nm2 × 100 = 2740 nm2 is required.
It is impossible to place 100 F-BAR dimers onto a 1000 nm2 membrane in an orientation
that both loops of each dimer contact the membrane. Therefore, it is unlikely that the
loop is involved in a major way in membrane bending. Indeed, removing residues 56 to 60
showed no significant change in membrane curvature during a 40 ns simulation (WT1DEL,
see Table 1), strengthening further the conclusion that membrane insertion by the short
loop does not contribute significantly to membrane curvature formation (Fig. 3.9). How-
ever, the F-BAR domain turning from an upright orientation to a side-laying orientation
was observed from 40 ns onwards and the membrane curvature was found to decrease at
the same time (Fig. 3.9). In experiments, side-laying states are observed at low BAR
domain density and induce tubules of low curvatures [12, 41]. Therefore, the function of
the 56-60 loop is likely a structural one, namely maintaining the F-BAR domain in an
upright orientation and forming contacts with the membrane; the function of the F-BAR
domain loop is similar to the function of N-helices in case of N-BAR domains.
3.3.3 The F-BAR Domain Undergoes Conformational Change
during Membrane Curvature Generation
During the process of curvature generation, the F-BAR domain interacts with the mem-
brane and undergoes a large conformational change involving its side helices (helices 3
and 4, see Fig. 3.10). To represent the change we employ angle θ and α. θ is formed
by the principal axes of the central helix 4 (green, residues 241 to 257) and side helix
4 (green, residues 182 to 204); a decrease of the θ value corresponds to a straightening
of the domain. α is formed by the angle between the principal axes of the left and right
sides of helix 3 (purple, residue 120 to 166); a decrease of the α value corresponds to an
increase of overall domain curvature.
As shown in Fig. 3.11, both α and θ of WT1 change significantly upon interaction
with the membrane; α increases up to 140◦, then decreases to 120◦, fluctuating finally
around 130◦; θ decreases to 20◦, then increases back to 30◦, fluctuating finally around 20◦.
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Figure 3.9: Dynamics of angles α, θ during simulation WT1DEL (see Table. 1). Original data are shown
in gray and running averages over 10 ns in red. Snapshots of the F-BAR domain-membrane system are
shown at 0, 40 and 85 ns. F-BAR proteins are colored in blue and orange to distinguish the monomers.
Tails of membrane lipids are colored grey; the neutral DOPC head groups are colored blue and the
negatively charged DOPS head groups red. The membrane curvature does not change until 40 ns, and
from then on the F-BAR domain turns towards one side, assuming finally a side laying state.
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In control systems NL1, NL2 and NC, α and θ do not show such changes and fluctuate
around different average angles.
α and θ represent the conformational change of the F-BAR domain in the horizontal
and vertical direction. A high anti-correlation is found between the change of α and
θ (Pearson correlation coefficient = -0.5), corresponding to a synchronized change of
F-BAR domain side helices movement and protein curvature. Visual inspection of the
simulation reveals that the anti-correlation of α and θ changes correspond to a partial
uncoiling movement of the coiled-coil structure formed by side helices 3 and 4 (Fig. 3.11
and Fig. 3.13). An increase in α accompanied by a decrease in θ corresponds to the
F-BAR domain forming a shallow concave surface; little movement is observed for the
central helices (Fig. 3.8) and all helices retain their helical structures during interaction
between the F-BAR domain and the membrane (Fig. 3.12).
As expected, when the F-BAR domain assumes a concave shape, the attached mem-
brane undergoes “induced-fit” bending. Unlike N-BAR domains, which act like “rigid
bodies” attracted to a membrane [12, 124, 131], the F-BAR domain and the membrane
influence each others’ shape. Indeed, the bending energy of the F-BAR domain is much
lower than that of the N-BAR domain, suggesting that the F-BAR domain is not as rigid
as the N-BAR domain [33, 40, 41]. Based on the conformation of the F-BAR domain
and membrane curvature, the curvature generation process by the F-BAR domain can be
separated into three phases. The curvature generation, in fact, is an “induced-fit” pro-
cess, during which membrane binding energy is transfered into membrane bending energy
through protein conformational change.
In phase 1, lasting from 0 to 40 ns, the F-BAR domain binds to the membrane and
membrane curvature increases slowly, while α increases and θ decreases. During this
phase, the side helices of the F-BAR domain straighten up and the domain adopts a
shallow inner surface, to allow all positively charged residues along the concave surface
to contact the negatively charged membrane (Fig. 3.4C); water molecules between the
F-BAR domain and membrane are squeezed out; potential energy is stored in the newly
formed F-BAR domain conformation.
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Figure 3.10: Conformation of F-BAR domain characterized through angles θ and α. (Left) The F-BAR
domain is a dimer of two F-BAR proteins, the latter colored in purple and orange. (Right) Each F-BAR
protein is composed of five helices forming a coiled-coil structure, with helix 2 to 4 colored blue, purple
and green, respectively. θ is formed by the principal axes of the central part and the end part of helix
4 (green); α is formed by the angle between the principal axes of the left and the right sides of helix
3 (purple).
In phase 2, lasting from 40 to 120 ns, membrane curvature is generated. During this
phase, α and θ adjust and domain curvature increases. Potential energy stored in the F-
BAR domain conformation is released into energy associated with membrane curvature.
In phase 3, lasting from 120 to 250 ns, the protein-membrane system relaxes. Mem-
brane curvature decreases slightly and fluctuates around 0.0015 A˚
−1
; α and θ values are
restored close to the native state values, indicating partial uncoiling of the coiled-coil
structure (Fig. 3.13). However, α values in simulations NC, NL1 and NL2 are much lower
than those in simulation WT1 and WT2, while θ values show the reverse, indicating that
the domain’s coiled-coil structure without interaction with the membrane becomes further
coiled, which suggests that partial uncoiling of the domain’s coiled-coil structure provides
the driving force for membrane curvature formation. Indeed, if one removes the mem-
brane from the final conformation of simulation WT1, as is done in simulation WT1WAT,
the conformation of the F-BAR domain is quickly restored to a near crystal conformation
and α and θ assume values similar to the ones they assume in simulation NL1 and NL2,
indicating that the uncoiling is reversible (simulation WT1WAT, see Fig. 3.14).
The “induced-fit” interaction between the F-BAR domain and the membrane allows
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Figure 3.11: Conformational change of F-BAR domain during interaction with the membrane. Change
of membrane curvature and of angles α, θ during simulations WT1, WT2, NC, NL1 and NL2 (see Table 1).
Original data are shown in gray and running averages over 10 ns in color. Conformations of the F-BAR
domain and interaction with the membrane are shown at 0, 40, 80 and 120 ns for simulation WT1. Helices
2 to 4 are colored blue, purple and green, respectively; tails of membrane lipids are colored grey; the
neutral DOPC head groups are colored blue and the negatively charged DOPS head groups red.
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Figure 3.12: Secondary structure evolution of the F-BAR domain during simulation WT1. Turn (T),
extended conformation (E), isolated bridge (B), alpha helix (H), 3-10 helix (G), pi-helix (I) and Coil (C)
structures are colored in green, yellow, brown, purple, blue, orange and white, respectively. The five
helices of each F-BAR monomer are shown in order 1, 2, 3, 4, 5 in black, blue, purple, green and black,
respectively. Interactions between F-BAR domain and membrane do not induce helical structure change.
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Figure 3.13: Coiled-coil motion of F-BAR domain side helices during the first 40 ns of simulation WT1.
The F-BAR domain at 0 ns is shown in grey and at 40 ns in color. Helices 2, 3 and 4 at 40 ns are shown
in blue, purple and green, respectively. Red arrows indicate the movement of helices 3 and 4. Interactions
between F-BAR domain and membrane induce partial uncoiling of the coiled-coil structure of the F-BAR
domain.
membrane curvature adjustment to F-BAR domain density and lipid type. Indeed, vary-
ing F-BAR domain density leads to a wide range of curvatures during membrane structure
formation [10, 22, 41, 98, 130]. The F-BAR domain conformational change in response to
membrane curvature is likely also a mechanism for membrane curvature sensing. Binding
of the F-BAR domain to membranes with curvatures that are significantly different from
its intrinsic curvature would require conformational change of the F-BAR domain that is
energetically expensive. Indeed, F-BAR domains are found to favor membrane curvatures
that match its intrinsic protein curvature [10].
3.3.4 Theoretical Description of the Membrane Sculpting Pro-
cess
Binding of the F-BAR domain to the membrane leads to a match between shapes of F-
BAR domain and membrane. The resulting membrane curvature depends on the balance
of two forces, one resisting protein shape changes and the other resisting membrane curva-
ture changes. The bending energy of an F-BAR domain dimer attached to the membrane
31
Figure 3.14: Dynamics of angles α, θ during simulation WT1WAT (see Table. 1). Original data are
shown in gray and running averages over 10 ns in red. Snapshots of the F-BAR domain are shown at
0 and 20 ns for simulation WT1WAT. F-BAR proteins are colored in blue and orange to distinguish
the monomers. Simulation WAT1WAT described the F-BAR domain dimer in water, without lipid
membrane, the membrane having been removed from the final conformation of simulation WT1 (see
Methods). Within 5 ns, both angle α and θ return to values similar to those seen in simulation NL1 and
NL2, and the curvature of the F-BAR domain as well as the tilting angles of the side helices are restored
close to the native state values.
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surface (or any other attached rod-like protein) can be described through [25, 123, 124,
132,133]
Ep =
KpL0
2
(C − Cp)2 = ζp
2
(C − Cp)2 , (3.1)
where Cp is the intrinsic curvature of the protein, C the curvature of the membrane, Kp
the flexural rigidity of the protein, L0 the length of the protein, and ζp the protein bending
rigidity. The curvature-related elastic energy of a cylindrical membrane of length L and
radius R can be described by a Helfrich Hamiltonian [134]
El =
piKlL
R
= piKlLC , (3.2)
where Kl is the membrane bending modulus. The curvature-elastic energy of a membrane
patch of length L, width W and radius R can be described analogously by a Helfrich
Hamiltonian, namely by
Elw =
piKlL
R
W
2piR
=
KlA
2R2
=
KlAC
2
2
, (3.3)
where A is the area of the membrane patch (A = WL).
The total energy of an F-BAR dimer binding to a membrane is then
E = Ep + Elw =
ζp
2
(1/R− 1/Rp)2 + KlA
2R2
=
ζp
2
(C − Cp)2 + KlAC
2
2
, (3.4)
which corresponds to the shape force, F ,
F =
∂E
∂R
= − ζp
R2
(1/R− 1/Rp)− KlA
R3
= −ζpC2(C − Cp)−KlAC3 , (3.5)
At equilibrium holds F = 0 and, hence,
C =
Cpζp
KlA+ ζp
. (3.6)
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According to the equipartition theorem of thermodynamics holds
ζp
2
∆C2p =
1
2
kBT , (3.7)
or
ζp =
kBT
∆C2p
, (3.8)
where ∆Cp is the curvature fluctuation of the protein, kB the Boltzmann constant and T
the temperature.
The curvature of the protein was monitored during the last 100 ns of simulation NL1
and is presented in Fig. 3.15. The intrinsic curvature of the protein was determined
as the mean curvature of the protein, namely Cp = 0.0283 nm
−1, corresponding to a
radius of curvature of 35.3 nm. The root-mean square fluctuation of the curvature of the
protein was determined from its standard deviation from the average protein curvature
and was found to be ∆Cp = 0.0062 nm
−1. The membrane bending modulus Kl had
been measured, through experiments and simulations, to be 20 kBT [97, 123, 135–138].
According to Eq. 3.6, the radius of curvature of an F-BAR dimer on top of a lipid patch
is then estimated to be 45.1 nm. This value compares well with the radius of curvature
monitored during the last 100 ns of simulation WT1, which is 48.1 ± 5.3nm.
With the parameters stated above, one can estimate the total binding energy of WT1
Figure 3.15: Curvature distribution of simulated F-BAR domain. Protein curvature from the last
100 ns of simulation NL1 are shown as black dots. A Gaussian fit to the distribution is shown in red.
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F-BAR dimer and membrane patch at equilibrium to be 2.30 kBT , with the bending
energy of F-BAR dimer and of membrane patch contributing 0.74 kBT and 1.56 kBT ,
respectively. The average membrane curvature during the early (i.e., phase 1) period
38− 40ns is 0.12 nm−1 and amounts to the highest membrane curvature during the bind-
ing phase. During this period the total energy of the F-BAR-membrane system, the
bending energy of the F-BAR dimer and of the membrane patch are 3.99 kBT, 3.47 kBT
and 0.52 kBT , respectively. During the later (i.e., phase 2) period 78 − 80ns the aver-
age membrane curvature is 0.20 nm−1 and amounts to the highest membrane curvature
during the membrane bending phase. During this period the total energy of the F-BAR-
membrane system, the bending energy of the F-BAR dimer and of the membrane patch
are 2.34 kBT, 0.90 kBT and 1.44 kBT , respectively. Therefore, the total energy that is
stored in the protein conformational change during membrane binding and membrane
bending phases is (3.47− 0.90) kBT = 2.57 kBT . The binding energy can be estimated
by the single molecule experiment proposed in [124], in which an F-BAR dimer molecule
is pulled away from the membrane at one end.
Binding and close adhesion of the F-BAR domain to the membrane require shape com-
plementarity between protein and membrane. In case that both protein and membrane
shapes are radially symmetric, i.e., the centerline of either one obeys in the x, z-plane the
equation x2 + z2 = R2, shape complementarity leads to membrane curvature 1/R. If the
F-BAR domains are forming on top of the initially planar membrane a lattice oriented
(with the protein major axes) along the x-axis then the planar membrane coils into a tube
with its long axes pointing along the y-axis.
However, in case that the F-BAR domain does not assume a radial shape, shape
complementarity results in an interesting variation. To demonstrate this we assume that
the F-BAR domain prefers either intrinsically or through the effect of adhesion to the
membrane an ellipsoidal shape governed by the equation (x/a)2 + (y/b)2 = 1 where a
and b are the major and minor axis of the ellipse. In this case a membrane tube along
the y-axis does not permit close adhesion as the radially symmetric membrane and the
ellipsoidal F-BAR domain don’t match exactly. However, a tube tilted by an angle β
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relative to the y-axis permits a perfect match of protein and membrane shape. To see
this we note that, according to a well known result of geometry, the tilted tube is cut by
the x, z-plane along an ellipsoid. One can convince oneself readily that this ellipse has
a short axis b = R and a long axis a = R/ cos β. One can then conclude that for the
assumed ellipsoidally shaped F-BAR domains (characterized by long axis a and short axis
b), forming a lattice oriented along the x-axis on an initially planar membrane, a tube of
curvature 1/R results with direction along an angle β relative to the y-axis, where β is
given by
β = arccos(R/a) . (3.9)
This description assumes binding of the F-BAR domain leading to strong adhesion such
that protein and membrane shape match very closely. In any case, a circular membrane
tube can accommodate non-circular F-BAR domain shapes by rotating the tube axis, but
only shapes that are nearly ellipsoidal. As stated already, such shapes can result from a
combination of an intrinsic and an induced shape of the F-BAR domain dimer adhesion
surface.
3.3.5 Membrane Curvature Generated by F-BAR Domain Lat-
tices
As stated already, tubules and liposomes with wide range of curvatures are found to be
generated by the F-BAR domain [10,22,41,98,130]. Apparently, the variation stems from
the collective action of the domains as visualized, for example, in cryo-EM images [41]. To
investigate how F-BAR domains curve membranes collectively, we built a series of F-BAR
domain lattices adopting the SBCG simulation model (see Methods). We performed, for
this purpose, four series of simulations with F-BAR domain lattices of varying type. The
lattices studied and the resulting curvatures are depicted in Fig. 3.16.
In a series of SBCG simulations, LATTICES (Table 1), we examined how the F-
BAR domain density affects membrane curvature. As Fig. 3.16 shows, of the F-BAR
domain lattices with five different densities, the one with 10 dimers per 1000 nm2 achieves
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Figure 3.16: Membrane curvature induced by lattices of F-BAR domains. (A) Dependence of membrane
curvature on F-BAR domain density. Shown is curvature generated by lattices with F-BAR dimer
densities of 5, 8, 10, 13 and 15 dimers per 1000 nm2. A density of 10 dimers per 1000 nm2 generates the
highest curvature, with radius of curvature R = 38.5nm. (B) Membrane curvature induced by F-BAR
domains forming lattices of different angle β. An angle of 8◦ produces the highest curvature, with radius
of curvature R = 33nm. (C) Dependence of membrane curvature on inter-dimer distance. A distance of
21.5 nm produces the highest curvature, with radius of curvature R=33 nm. (D) Dependence of membrane
curvature on staggered or aligned arrangement of F-BAR domains. A staggered arrangement produces
higher curvature than an aligned arrangement. F-BAR domains and lipid membranes shown on the left
of (A-D) are shown in color and in grey, respectively; individual F-BAR domains are differentiated by
color.
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Figure 3.17: Conformation of F-BAR domain lattices looking up from the membrane towards the
protein. Individual F-BAR domains are differentiated by color. Initial (A) and final (B) conformation
of the F-BAR domain lattices on top of the membrane taken from one of the systems, simulations
LATTICES, shown in Fig. 3.16; the density is 13 dimers per 1000 nm2. Positions where the concave
surface of the F-BAR domains is blocked by neighboring F-BAR domain tips are marked by orange
arrows. (C) Parts of F-BAR domain lattices at different densities.
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highest curvature; lattices with lower densities achieve much lower curvature. This result
is expected since the denser the lattices are, the more the F-BAR domains can act on
the same area of lipid. However, membrane curvature becomes also reduced when the
F-BAR domain density gets too high, due to neighboring F-BAR domains hindering each
others’ access to the membrane as shown in Fig. 3.17A. This hinderance of neighboring
domains increases as domain density increases (Fig. 3.17B). The F-BAR domain density
generating the narrowest tubules, as seen in cryo-EM [41], is 8 to 10 dimers per 1000 nm2.
Fig. 3.16 shows the relationship between membrane curvature and lattice geometry.
Rather diverse curvatures (radii of curvature range from 25 to 100 nm) are seen to be
generated by lattices with different parameters [10, 22, 41, 98, 130]. High curvatures are
generated by lattices with β values in the range of 5◦ - 9◦. An inter-domain distance
of 21.5 nm with the F-BAR domains being staggered in an end-to-shoulder arrangement
yields the highest curvature. The results in Fig. 3.16 are consistent with recent cryo-
electron microscopy images of F-BAR domain lattices on membrane tubules [41].
The observed tilt angle β = 8o between y-axis and tube axis suggests, according
to Eq. 3.9, that the actual shape of the F-BAR domain membrane adhesion surface is
ellipsoidal with axes a = 1.01 R and b = R, i.e., the widening of the F-BAR domain
shape is very small, but significant enough to induce an observable reorientation of the
tube axis. To understand how a deviation from circular shape as reflected by a = 1.01 R
can be significant one should note that the lattice of F-BAR domains averages over the
shape effect of many proteins such that even minor effects add up to the tube axis tilt.
3.3.6 Membrane Tubulation by F-BAR Domain Lattices
To investigate how a complete tubule is formed by a lattice of F-BAR domains, the
best (highest curvature induced) performing lattice was placed on a 380 nm wide planar
membrane (Fig. 3.18). Periodic boundary conditions in the y-direction imply that the
lattice acts on an infinitely long membrane patch. Membrane curvature in simulation
TUBULATION (see Table 1 and Methods) developed within hundreds of microseconds
from the edges (curving first) to the center (curving last). After 350µs, a tubular structure
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with local radius of curvature R = 60-90 nm was formed, with the edges being separated
by only 28 nm. In lieu of using more computer time (the simulation stretched over 10
months), we applied a weak radial force until the edges met, fusing the membrane into
a complete tubular structure (Fig. 3.19A). After the tube was closed, we removed all
F-BAR domains and carried out 30µs of further equilibrium simulation, during which
the tube remained closed. Tubules formed by the F-BAR domain lattices in vivo range
from 25 to 100 nm in radius [10, 22, 41, 98, 130]. In a second simulation we observed a
tube fusing event in which one edge of a tube met the other edge in a T-like junction.
Removing all F-BAR domains and continuing the simulation for 30µs revealed again a
stable structure (Fig. 3.19B).
To study the interactions between F-BAR domains in a tube-forming lattice at all-
atom resolution, we aligned all-atom structures of the F-BAR domains with the SBCG
model on the surface of the fully formed tubule structure (Fig. 3.20) employing the method
reported in [27]. Analysis of the structure showed that side-to-side contacts are maintained
between most pairs of neighboring F-BAR domains, due to a large number of charged
residues at the lateral contact points, e.g., Lys66, Asp161 of one dimer and Glu285,
Arg47 of another. Indeed, mutation of these residues into neutral amino acids abolishes
tubule formation by the F-BAR domains [16, 139], which suggests that the contacts are
important for lattice formation and hence, membrane tubulation. Further analysis of the
lattice structure revealed that end-to-end contacts are not maintained. This observation
is consistent with the cryo-EM images, in which end-to-end contacts are seen not to be
strong and are found absent in the narrowest tubule observed [41].
3.3.7 F-BAR Domain Lattices Allow Defects
While most F-BAR domains in our simulations retain their original degree of tilting with
β = 8◦, some F-BAR domains exhibit degrees of tilting in the range of 5 − 12◦. In
experiment, F-BAR domain lattices induce membrane tubules not in a manner ordered
enough to produce high-quality cryo-EM structures [41]. Instead, cryo-EM structures
require several rounds of annealing. Therefore, it is likely that in cells F-BAR domains
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Figure 3.18: Membrane tubulation by lattices of F-BAR domains. (A) Initial conformation of lattices
of F-BAR domains on the membrane in a SBCG representation. A patch of membrane, 17 nm in width,
is covered with 4 rows of F-BAR domains, each row containing 17 F-BAR domains. Each individual
domain is tilted by 8◦ with respect to the x-axis and each row of closest contact F-BAR domains is
tilted by 22◦ with respect to the x-axis. Periodic boundary conditions are assumed in the y-direction,
so that the system can be regarded as a lipid patch of infinite length in this direction. (B) Membrane
tube formation with lattices of F-BAR domains. Shown are snapshots of membrane structures during
the 350µs simulation. Membrane lipids are shown in green; individual F-BAR domains are differentiated
by color.
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form lattices considerably more random than seen in cryo-EM. Indeed, N-BAR protein
coats on tubule surfaces are found to be dynamic and with a tendency to scramble [24,41].
Additionally, one out of the 167 F-BAR domains was found in our simulation to assume
a side-laying orientation, where the F-BAR domain turns 90◦ around its principal axis.
In the side-laying orientation the F-BAR domain forms membrane contact with its side
surface, rather than the concave surface, and the side-to-side contacts between neighboring
F-BAR domains are abolished. The side-laying orientation is only observed at large defects
of the F-BAR domain lattices, where local F-BAR domain concentration is low. The
side-laying state has also been observed in the all-atom simulations WT1DEL (Table 1).
Indeed, in experiment the side-laying state has been observed to induce tubules with low
curvatures and at low BAR domain density [12, 41]. It is likely that in cells, both the
upright and the side-laying orientation arise in the F-BAR domain lattice. Both side-to-
side contacts between the F-BAR domains and the short loop of residues 56 to 60 are
important in maintaining orientation in the F-BAR domain lattices.
3.3.8 Conclusions
In summary, our study on membrane sculpting by F-BAR domains resolves in atomic
detail how F-BAR domains sculpt curved membranes. All-atom MD simulations show F-
BAR domains dynamically interacting with a membrane, revealing that F-BAR domains
sculpt membranes according to the scaffolding mechanism. F-BAR domains act in three
steps, namely binding to the membrane, bending the membrane and equilibration. Posi-
tively charged residues along the concave surface of the F-BAR domain play a key role in
attracting negatively charged membrane lipids towards the F-BAR domain concave side,
though F-BAR domains do not act as rigid templates.
We also performed a 350µs CG simulation providing a detailed, dynamic picture of
membrane tubulation by an F-BAR domain lattice. Depending on the F-BAR domain
arrangement within lattices, a wide range of membrane curvatures can be generated.
Lattices that generate the greatest curvature (radius of curvature R = 28 nm) involve
an F-BAR domain density of 8 to 13 dimers per 1000 nm2, a tilting angle β of 8◦, an
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Figure 3.19: Membrane tubules induced by F-BAR domain lattice. (A) Membrane tubule formed by
edge-to-edge fusion. As explained in the text, the 350µs end result of simulation TUBULATION, shown
in Figure 3.18b, had its free edges forcibly fused, the resulting membrane tubule being presented here.
The membrane tubule is shown from side and top; in the latter case the F-BAR domains have been
removed, leaving solely the lipids, depicted in green; individual F-BAR domains are differentiated by
color. Shown is also the membrane tubule structure after 30µs simulation with F-BAR domain removed,
quite clearly the tubule structure remained intact. (B) Membrane tubules formed as in (A), but by
edge-to-edge fusion forming a T-junction. The membrane tubule is shown from side and top; in the latter
case the F-BAR domains have been removed, leaving solely the lipid. Shown is also the membrane tubule
structure after 30µs simulation with F-BAR domain removed. Colors are the same as in (A).
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Figure 3.20: All-atom structure of F-BAR domain lattice on the formed membrane tube. (Left) Coarse-
grained tube structure from simulation TUBULATION, as depicted in Fig. 3.18. (Right) All-atom struc-
ture constructed from the SBCG structure (see text). (Insert right) Close up view of all-atom structure,
rendered in so-called cartoon representation. Residues Lys66, Arg47 are shown in van der Waals repre-
sentation and colored in red; Glu285, Asp161 are represented in the same way, but colored in blue.
inter-dimer distance of 21.5 nm and end-to-shoulder contacts. Both side-to-side contacts
between F-BAR domains and, in particular, a short loop of residues 56 to 60 are important
in maintaining the F-BAR domain in the upright conformation. Our approach combined
all-atom and SBCG simulations and revealed how strikingly beautiful F-BAR domain
lattices generate large scale membrane shapes in living cells.
44
Chapter 4
Transient β-Hairpin Formation in
α-Synuclein Monomer ∗
4.1 Introduction
The formation of the α-synuclein fibril is a complex process, involving various inter-
mediates, including oligomeric species arising at early stages of the aggregation and in
protofibrils preceding fibril formation [78, 140–143]. Monomeric α-synuclein plays a key
role during the course of the aggregation process, being involved in formation of small
oligomers at early stages and growth of fibrils at late stages [76,144–146]. During the two
processes, α-synuclein monomers undergo substantial structural transitions from their
solution conformations to structures enriched in β-sheet [146, 147]. Conformations of α-
synuclein monomer could play essential roles in these structural transitions, defining the
starting points of transitions and perhaps facilitating the aggregation process through
special structural features. Therefore, conformational sampling of monomers in solution
is needed to provide mechanistic insight into the aggregation processes.
Numerous experimental studies have focused on resolving the conformational features
of α-synuclein monomers [148–157]. Due to the heterogeneity of α-synuclein conforma-
∗This chapter appeared as a submitted article to Journal of Chemical Physics [?]. Hang Yu, Wei
Han, Wen Ma and Klaus Schulten, “Transient β-Hairpin Formation in α-Synuclein Monomer Revealed
by Long-time Coarse-grained Molecular Dynamics Simulation”. J. Chem. Phys., submitted, 2015.
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tions, experimental techniques like NMR and CD spectroscopy can only characterize
structures of α-synuclein monomers as ensemble averages [148–153, 158, 159]. These ex-
periments revealed that α-synuclein monomers assume an ensemble of disordered confor-
mations, including both extended conformations and conformations exhibiting transient
tertiary structure [148–153,155,158–165], such as those involving the interactions formed
between C-terminus and NAC regions that could explain the protective effect of the C-
terminal region against aggregation [150,155,160–165]. Experimental data generated from
NMR or EPR spectroscopy have also been combined with all-atom simulations to explore
efficiently the conformational space of α-synuclein, generating in atomic detail confor-
mational ensembles that are consistent with experimental observations [54,160,166–170].
These conformational ensembles revealed specific residues involved in the contacts formed
between C-terminus and NAC regions as well as essential interactions involved [160,168–
170]. Apart from the conformational features of α-synuclein monomers, their confor-
mational dynamics has also been investigated using single-molecule techniques such as
fluorescence resonance energy transfer and atomic force microscopy, indicating that α-
synuclein monomers exhibit dynamic conformational exchange on timescales ranging from
nanoseconds to micro-seconds [84,152,153,155,169,171–179].
Given the heterogeneous and dynamic conformational ensemble of α-synuclein
monomers, it is critical to identify the key structural elements and overall conformational
states of α-synuclein that are essential for the aggregation processes. At the level of sec-
ondary structure, the occurrence of multiple β-strand regions has been proposed through
sequence analysis, simulations and ingeniously-designed experiments [155, 168, 170, 180].
Furthermore, it has been suggested that one type of β-structure, namely β-hairpin states,
could play a critical role in α-synuclein aggregation [58–61]. Several lines of evidence
from prior studies appear to support the importance of β-hairpin states. Reagents that
are known to stabilize β-hairpins can promote the aggregation of α-synuclein [61]; peptides
that presumably recognize β-hairpins can also capture monomeric α-synuclein and block
the α-synuclein aggregation [58, 60]. In addition, numerous experimental and computa-
tional studies have proved directly that β-hairpin-like structures are indeed metastable
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states of other aggregation-prone proteins, such as amyloid-β peptides (Aβ) and Islet
amyloid-polypeptide (Iapp), likely participating in both oligomer formation and fibril
growth [55,62–72].
In the present study, we seek to investigate the formation of β-hairpin structure and
its possible role in aggregation of α-synuclein. Unlike short peptides such as Aβ and Iapp
that could readily access local β-hairpin structures by exploring a small conformational
space [55, 62, 64, 67, 70–72], α-synuclein has a much longer sequence (140 a.a.) and thus
exhibits a much larger conformational space. In this regard we ask, how does β-hairpin
structure arise in α-synuclein? Is a particular part of α-synuclein playing a decisive role
for β-hairpin formation? How does the remainder of the protein influence local β-hairpin
formation? In addition, a possible link between formation of β-hairpin conformations and
bio-activity of α-synuclein needs to be explored.
In particular, point mutations A30P and A53T, with their location illustrated in
FIG. 1.1B, were found to be associated with an increase of α-synuclein aggregation and
with familial Parkinson’s disease [75,181–183]. An altered conformational ensemble was
ascribed to the A30P and A53T mutations compared to the wild type (WT) α-synuclein
one [156,157]. We thus ask what effect do the two mutations have on the β-hairpin struc-
ture? Moreover, the C-terminal region protects the NAC region from interactions that
lead to aggregation [150,155,160–165]. Does the C-terminal region play its protective role
by affecting formation of β-hairpin structure?
For intrinsically disordered proteins, conformational dynamics has been explored by
molecular dynamics simulations in atomic-level detail [55,56,184–187]. A major challenge
in simulating α-synuclein arises from the accessible conformational space that is too large
to be explored sufficiently through all-atom MD simulations. Combining a description of
protein at the atomic level and solvent at a coarse-grained (CG) level, the PACE model de-
veloped by the authors’ group [72] provides the simulation power for sampling sufficiently
protein conformational space for thermodynamic and kinetic information, while protein
structures are provided in atomic detail. In particular, to achieve a proper conformational
balance between structured and disordered parts of proteins, residue-specific conforma-
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tional potentials and special interactions between side chain and backbone were designed
and optimized for PACE [188], permitting PACE’s application both in simulating protein
folding [188,189] and in characterizing structural change of disordered proteins [72].
In fact, we present here microsecond-long PACE simulation of α-synuclein monomer
in solution along with simulations of its mutants and of protein segments. All the sys-
tems were explored through unbiased simulations without restraints. The simulations
reveal that region 38-53 indeed brings about a formation of a β-hairpin structure spon-
taneously and repeatedly. A comparison with simulations of the same region isolated
from α-synuclein reveals further that the formation of β-hairpin is an intrinsic property
of region 38-53 and can be slowed down significantly by the region’s interaction with
the remainder of α-synuclein. In particular, the C-terminal region can interact with re-
gion 38-53 when the β-hairpin is present, likely preventing the β-hairpin from interaction
with other molecules and, thus, explaining the protective (against fibril formation) role of
the C-terminal region seen in experiments [150, 155, 160–165]. Moreover, the simulations
show that the familial mutations, namely A30P and A53T, accelerate greatly the rate
of β-hairpin formation, further suggesting that the latter is closely linked to α-synuclein
aggregation.
4.2 Methods
4.2.1 Hybrid-resolution Model PACE
TABLE 4.1 lists size and timescale of the simulations carried out for the present study
and demonstrates the long-time scale needed for computational exploration of α-synuclein
conformations. Such computations were achieved by employing a hybrid-resolution model,
namely PACE (www.ks.uiuc.edu/ whan/PACE/PACEnew/) [72,188,189]. By represent-
ing proteins at a united-atom level of resolution, PACE provides a correct description of
structural details essential for both secondary and tertiary structures of proteins, such as
packing of side chains and geometry and directionality of hydrogen bonding interactions;
by coarse-graining environmental components such as solvent and lipids that account for
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the majority of computation carried out in all-atom simulations, PACE accelerates greatly
conventional simulations [188,190,191].
A key feature of PACE is that it was designed and optimized to ensure a balanced
preference for different secondary structure types as well as disordered structures. The
complete description of PACE and its optimization in this regard has been described else-
where [188]. Briefly, to achieve the balance, the potential functions of PACE relevant to
backbone dihedral angles φ ans ψ and side chain dihedral angle χ was optimized, through
iterative free energy simulations, by fitting to a library of statistical potentials derived
according to PDB structures of proteins [192]. As the statistical analysis of the PDB
structures was performed only on each residue in coil regions of proteins rather than in
the regions containing any regular secondary structure that relies also on contribution
from other residues, the potentials derived thus can reflect intrinsic conformational pref-
erence of the residue type studied. Moreover, the same statistical analysis reveals that the
backbone conformational preference does not only vary for different residual types, but
does also couple tightly with rotameric states of side chains. To reproduce these confor-
mational preferences, the PACE parameters for backbone and side chain potentials (φ, ψ,
and χ) were optimized separately for each residual type [188,190]. More importantly, ex-
tra parameters were introduced to describe the non-bonded interactions between certain
atoms of side chain and adjacent backbone. Such parameters permit PACE to reproduce
the dependence of backbone conformational preference on side chain rotamers [188,190].
Having been optimized as described above, PACE has been demonstrated to be able to
fold proteins with various structural motifs [188, 189] and to describe structural features
of disordered proteins, e.g., amyloid-β peptide, reproducing chemical shifts, 3J(HNHCα)-
coupling constants and secondary structure contents measured by NMR and CD experi-
ments [72]. Interestingly, our approach taken in developing PACE has also been adopted
recently in further optimization of the AMBER99SB all-atom force field [193]. The re-
sulting force field turned out to be significantly improved, being capable of reproducing
3J(HNHCα)-coupling constants for a large number of two-residue peptides [194].
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Simulation Description Time Atoms
WT Wild type α-synuclein equilibration, 3µs×10 12 K
10 simulations for 3µs each,
starting from 10 conformations.
A30P A30P mutant equilibration 3µs×10 12 K
same as in case of WT.
A53T A53T mutant equilibration, 3µs×10 12 K
same as in case of WT.
Hairpin Wild type α-synuclein β-hairpin 3µs×10 3.6 K
region (region 36-55) equilibration,
10 simulations for 3µs each,
starting from 10 conformations.
Hairpin with salt Wild type α-synuclein β-hairpin 3µs×10 3.6 K
region (region 36-55) equilibration in
the presence of 0.15M NaCl salt, same
as in case of Hairpin.
HairpinG47V G47V mutant β-hairpin region 3µs×10 3.6 K
(region 36-55) equilibration, same as
in case of Hairpin.
InteractionWT Wild type α-synuclein equilibration, 0.2µs×10 12 K
starting from the center structure of
the conformational ensemble
containing the β-hairpins (region 38-53)
in contact with C-terminus (1.1B)
(region 118-130, VDPDNEAYEMPSE)
InteractionA30P A30P mutant equilibration, 0.2µs×10 12 K
same as in case of InteractionWT.
InteractionA53T A53T mutant equilibration, 0.2µs×10 12 K
same as in case of InteractionWT.
Table 4.1: Simulations performed in the present study.
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4.2.2 Model and Simulation Setup
To obtain initial random structures of α-synuclein, the protein in an all-atom model was
equilibrated in a TIP3 water solvent [125] and adopting a CHARMM27 force field with
CMAP correction [93–95]. The simulation started from a stretched conformation at high
temperature (700K) and was carried out for 3 ns. Ten structures were randomly chosen
from the last 1 ns of the simulation as initial starting structures of α-synuclein simulations,
referred to as WT simulations. We ensured that these initial structures were free from
β-sheet structures (FIG. 4.1) to avoid initial bias that could affect the interpretation of
β-hairpin formation (TABLE 4.1).
Each α-synuclein monomer was represented as a PACE united atom model and sol-
vated in a box of water, the latter described at a CG level with MARTINI solvent [195],
leading to a system of ∼12000 particles. After 5000 steps of energy minimization, the
resulting system was equilibrated for 500 ns before production simulations were carried
out. For the simulations of A30P and A53T mutants (TABLE 4.1, A30P and A53T),
the corresponding mutations were introduced with the Mutator plugin of VMD [1]. The
mutant systems were prepared with the same procedure as employed for the WT sim-
ulations (TABLE 4.1 and FIG. 4.1). To assess the stability of long-range contacts be-
tween C-terminus and β-hairpin region, we simulated the α-synuclein from the center
structure with β-hairpin (FIG. 1.1B). For each WT α-synuclein and its A30P and A53T
mutants, ten independent simulations were performed (TABLE 4.1, InteractionWT, In-
teractionA30P and InteractionA53T), again with the same procedure as employed for the
WT simulations (TABLE 4.1).
Apart from the entire α-synuclein, the protein segment containing region 36-55 was
isolated from α-synuclein and simulated alone to see whether the sequence does fold
into β-hairpins by itself. Ten structures were randomly chosen from the last 1 ns of
the simulations at 700 K as initial starting structures of further simulations, referred to
as Hairpin simulations (TABLE 4.1). Each α-synuclein monomer was solvated in a box
of MARTINI water [195] leading to a system of ∼3600 particles, and simulated with
the same procedure as employed for the WT simulations (TABLE 4.1). To assess the
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Figure 4.1: Secondary structure content and conformations of initial structures. A, B. Secondary
structure content in starting structures for α-synuclein simulations (TABLE 4.1). Secondary structure
contents were analyzed using VMD [1]. Percentage of α-helix, β-sheet (A) and turn (B) for 10 starting
structures of WT α-synuclein simulations are shown in blue diamonds, red squares and green triangles,
respectively. Secondary structure contents were analyzed using VMD [1]. C. Conformations of initial
structures. Shown are the backbone atoms of the β-hairpin region (region 38-53) in cartoon (gold) and
licorice representations (carbon atoms in light blue, nitrogen in dark blue, oxygen in red and hydrogen
in white).
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effect of salt on β-hairpin formation, we have also simulated region 36-55 isolated from α-
synuclein in physiological salt concentration (0.15M NaCl) [189,196]. For the simulations
of G47V mutant (TABLE 4.1, HairpinG47V), the corresponding mutation was introduced,
employing again the Mutator plugin of VMD [1]. The mutant system was prepared with
the same procedure as used for the Hairpin simulations (TABLE 4.1).
All simulations were conducted as NPT ensembles; temperature was maintained at
320 K through a Langevin thermostat with a damping coefficient γ = 0.2 ps−1 [126];
pressure was maintained at 1 atm with a Langevin-piston barostat with a damping time
of 2 ps. Short-range non-bonded interactions were cut off smoothly between 0.9 and
1.2 nm; simulations were performed with an integration time step of 4 fs. All simulations
employed the program NAMD 2.9 [2] modified for PACE simulations [72].
4.2.3 Cluster Analysis of α-Synuclein Conformational Ensemble
To analyze intrinsically disordered proteins over a long-time scale, a cluster analysis [72,
197] based on principle component analysis (PCA) was employed to examine protein
conformations. In this analysis, a set of pairwise-distance parameters, namely Cα-Cα
distances between every 3 residues of α-synuclein, were employed to describe the confor-
mations of the α-synuclein monomer. In addition, a distance cutoff of 20 A˚ was enforced
for the monitoring of all Cα-Cα distances variation to ensure that the conformational space
to be investigated is manageable such that the cluster analysis can generate meaningful
results. The pairwise-distance parameters were then calculated from 3× 105 conforma-
tions selected every 0.1 ns from the 30 µs simulations and were accounted for in the PCA
analysis. The most significant 100 principal components, which account for over 85%
of conformational variance, are presented in FIG. 4.2. Finally, the clustering algorithm
described earlier [72] was employed to cluster the 3× 105 conformations into meta-states
based on chosen principal components.
The center structure from the largest cluster of the WT α-synuclein β-hairpin re-
gion (region 38-53) was selected as a representative structure for WT α-synuclein. Repre-
sentative structures of A30P and A53T mutant α-synuclein were obtained with the same
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Figure 4.2: Individual and accumulated contribution of the first hundred principal components from
PCA analysis of simulated WT α-synuclein. Plotted in red dashed line and black dots are the individual
and accumulated contributions of structural variation, respectively, of each principal component.
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procedure as employed in case of the WT simulations.
4.2.4 Description of Folding Kinetics
In order to examine the kinetics of β-hairpin formation in α-synuclein, we characterized
the folding time of β-hairpins. These times were determined as the inverse of the folding
rates k, which were estimated from the observed number of folding events n in trajectories.
The folding rates were derived in two different ways depending on frequency of β-hairpin
formation. In the case that formation of β-hairpin arises infrequently in the simulations of
α-synuclein, namely not more than once in any simulation, the β-hairpin formation events
can be treated as a two-state Poisson process. The folding rate, k, of β-hairpins can thus
be estimated by fitting the observed first passage time of folding to the expression [198]
< n >=
∫ t
0
dt′M(t′) k exp[−M(t′) kt′], (4.1)
where t is the simulation time for each trajectory, M(t) the number of simulations that
reach time t determined from the simulations, k is the to be fitted folding rate and<n> the
average probability for each simulation to make a folding transition till time t, determined
from the simulations. The equation basically connects the <n> from multiple uncoupled
parallel simulations to the folding rate constant k by assuming that the folding transitions
arise between two states and that the rate is both low and constant with time. One can
write Eq. 4.1
<n>= 1− exp[−M(t) kt],
k = − ln(1− <n>)/[M(t) t]
An example for the use of this equation is M(t)=10 and <n>=1/10=0.1, i.e., one out
of ten trajectories folded into a β-hairpin, t=3 µs, which yield k=0.003512 µs−1 and a
folding time of 1/k=1/0.003512=284.74 µs.
In the case that folding into a β-hairpin occurs frequently, on average more than once
in a folding simulation, the folding rate can be estimated by dividing the accumulated
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Figure 4.3: Hairpin RMSD and representative structures of WT α-synuclein and its A30P, A53T mu-
tants. Plotted are the RMSD values of the β-hairpin region (region 38-53) of WT α-synuclein and its
A30P, A53T mutants (in red, purple and green, respectively) over simulation time. Representative
structures of the WT α-synuclein and its A30P, A53T mutants are shown on the right. The center
structure from the largest cluster of the WT α-synuclein β-hairpin region (region 38-53) was selected
as a representative structure for WT α-synuclein. Representative structures of A30P, A53T mutant α-
synuclein were obtained with the same procedure in the case of mutant simulations. Backbone atoms of
the β-hairpin region (region 38-53) were selected as reference atoms for alignment and RMSD calculation.
Individual simulations were separated by dotted lines. The cutoffs defining folding (3.25 A˚) and unfold-
ing (5.00 A˚) are shown as black lines. A β-hairpin folding event is defined as a transition of the β-hairpin
region (region 38-53) from an unfolded state (RMSD > 5.00 A˚) to a folded state (RMSD < 3.25 A˚).
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Figure 4.4: Hairpin RMSD values arising in simulations of the isolated β-hairpin region (region 38-
53) for WT α-synuclein and its G47V mutant. The RMSD values are plotted over simulation time in
gold (WT) and blue (G47V), respectively. Backbone atoms of the β-hairpin region (region 38-53) were
selected as reference atoms for alignment and RMSD calculation. Individual simulations were separated
by dotted lines. The cutoffs defining folding (3.25 A˚) and unfolding (5.00 A˚) are shown as black lines. A
β-hairpin folding event is defined as a transition of the β-hairpin region (region 38-53) from an unfolded
state (RMSD > 5.00 A˚) to a folded state (RMSD < 3.25 A˚).
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simulation time by the number of β-hairpin folding events. Standard errors are obtained
via a standard bootstrapping procedure with population size of 5. A β-hairpin folding
event is defined as a transition of the β-hairpin region (region 38-53) from an unfolded
state (RMSD > 5 A˚) to a folded state (RMSD < 3.25 A˚) (see FIGS. 4.3 and 4.4). RMSD
values were calculated with respect to the center structure of the largest clusters of WT
α-synuclein or its A30P, A53T mutants. The center structures of WT α-synuclein and its
A30P, A53T mutants are similar to each other, with an RMSD value of 2.6 A˚ between
WT and A30P center structures and an RMSD value of 3.3 A˚ between WT and A53T
center structures. Backbone atoms of the β-hairpin region (region 38-53) were selected
as reference atoms for alignment and RMSD calculation. More details of the analysis
method have been described earlier [72].
4.2.5 Analysis of Structural Properties of α-Synuclein
Furthermore, to compare our structural ensemble with experimental results, we analyzed
three experimentally well-characterized structural properties of α-synuclein monomers,
namely secondary structure content [59, 77, 80, 89, 153, 175, 199–204], chemical shifts of
α-carbons (Cα), amide nitrogens (N), hydrogen atoms attached to α-carbons (H) and car-
bonyl carbons (C) from NMR data [205] and 3J(HNHCα)-coupling constants between pro-
tons attached to backbone nitrogen and Cα atoms measured in NMR spectroscopy [206].
Chemical shifts were calculated with SHIFTX2 [207]. All analysis and visualization were
performed using VMD [1].
4.3 Results
In the present study, we investigate the possibility of α-synuclein forming β-hairpin con-
formations and the possible role of β-hairpin formation in α-synuclein aggregation. We
first seek β-hairpin conformations of α-synuclein monomers from a conformational en-
semble sampled through tens of microseconds of unbiased simulations. The ensemble
obtained is validated through comparison with experimental measurements. We then re-
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peat simulations for two disease-related, aggregation-prone mutants (A30P and A53T)
to examine whether the two mutations affect the formation of β-hairpins. Finally, the
detailed mechanisms of the folding of β-hairpins are characterized, based on which an
aggregation-inhibiting mutation is proposed.
4.3.1 Extensively Sampled Conformational Ensemble is Consis-
tent with Experimental Measurements
To characterize the conformational ensemble of WT α-synuclein monomers, we performed
ten 3-µs simulations to sample the conformations of α-synuclein monomers arising in
aqueous environment (TABLE 4.1, WT). The resulting conformational ensemble repro-
duces several key structural features of α-synuclein monomers reported in prior exper-
iments. The radius of gyration of α-synuclein monomers is 3.14 ± 0.70 nm, within
the range of experimental values of 2.7 nm to 4.0 nm [83, 158, 208–211]. The overall
α-helix, turn and β-sheet contents, as shown in FIG. 4.5, are 27%, 40% and 2%, re-
spectively. The corresponding experimental values, though varying depending on mea-
surement conditions and techniques employed, are within 10-48%, 17-41% and 0-20%,
respectively [59, 77, 80, 89, 153, 175, 199–204]. Hence, the simulation results are qualita-
tively consistent with experimental measurements.
The secondary structure content determined from the simulations (FIG. 4.5) is not
distributed uniformly along the α-synuclein sequence. The residual α-helical content
decreases towards the C-terminus; the turn and β-sheet content follows the opposite trend.
The secondary structure distributions agree with biochemical and structural studies which
showed that the N-terminal region tends to form helices while NAC and C-terminal region
are unstructured [77–81]. Although the entire α-synuclein has a small chance to form
β-sheet structures (1.11%), region 38-53 exhibits higher probability (6-8%) of forming
β-sheet, overlapping well with the regions reported to exhibit high β-sheet propensities
as reported in prior studies [58,78,170,180,212].
Apart from the overall secondary structure content, we examined also whether the
generated conformational ensemble of α-synuclein reproduces the experimental structural
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Figure 4.5: Residual secondary structure content in WT α-synuclein and its A30P and A53T mutants.
Fractions of α-helix, β-sheet and turn are shown in the top, middle and bottom panels, respectively.
The traces for WT α-synuclein and its A30P and A53T mutants are colored red, green and purple,
respectively. The five regions involved in the core of α-synuclein fibrils, as suggested earlier [78], are
shaded in grey. The x-axis giving residue numbers is also shown as a chain of blue, gold, pink and red
bars as defined in FIG. 1.1.
features at the residue level (FIG. 4.6). In particular, we back-calculated 3J(HNHCα)
constants that are related to backbone dihedral angles φ of individual amino acids (see
Methods) and compared the calculated constants with those reported in NMR exper-
iments. The correlation of 3J(HNHCα) data between simulations and experiments was
quantified by a Pearson correlation coefficient (PCC) [213]. The PCC was calculated to
be 0.6. Although we are unaware of any prior computational study that made an iden-
tical comparison of 3J(HNHCα) constants for α-synuclein, a similar comparison made in
earlier computational studies of Aβ [57,214,215] did suggest that a PCC of 0.6 indicates
a satisfactory agreement between simulations and experimental measurements.
To further validate our α-synuclein ensembles, we computed NMR chemical shifts for
α-carbons (Cα), amide nitrogens (N), hydrogen atoms attached to α-carbons (H) and
carbonyl carbons (C). Chemical shifts obtained from simulation ensembles reproduce val-
ues obtained from NMR [205] (FIG. 4.6), with an average difference of 3.1%, 2.8%, 4.7%
and 0.4% and Pearson’s correlation coefficients of 0.99, 0.95, 0.45 and 0.88 for Cα, N,
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H and C, respectively. We noticed that H chemical shifts were consistently underesti-
mated (FIG. 4.6). The underestimation may be due to a systematic error in experimental
data or classical force fields [216]. All classical force fields underestimate H chemical shifts,
possibly due to lack of polarization on alpha hydrogens [216].
We conclude from our analysis of 3J(HNHCα) and chemical shift data that the confor-
mational ensemble sampled in the present study captures realistically the major structural
features of individual residues of α-synuclein monomers.
We next investigate the heterogeneity of α-synuclein conformations through confor-
mational cluster analysis. Specifically, the sampled conformations were projected onto
principal component (PC) space and clustered employing PCs as a measure of similar-
ity between conformations as described in Methods. FIG. 4.7 shows the representative
structures of clusters with the highest probabilities that altogether account for 55% of
sampled conformations. The remaining 45% of the α-synuclein conformational ensemble
is described by more than 400 clusters. The clusters shown in FIG. 4.7 exhibit distinct
structural features. For example, cluster 1 is mainly composed of extended conforma-
tions showing little tertiary structure, while clusters 2-4 exhibit local tertiary contacts
in distinct regions of α-synuclein. Interestingly, the tertiary contact observed in cluster
2 is involved in β-hairpin conformations formed in region 38-53. The importance of the
β-hairpins will be addressed in the following sections.
Close examination of structures in the largest cluster, cluster 1, revealed that its
radius of gyration is 4.27 ± 0.59 nm, 38% larger than the average radius of gyration
3.14 ± 0.70 nm over the entire ensemble and consistent with the extended structural
features of the cluster (FIG. 4.8). As for secondary structures, the α-helical content of
cluster 1 is higher than that of WT α-synuclein in water while the β-sheet content of
cluster 1 shows the opposite trend, indicating the helical conformations are enriched in
cluster 1.
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Figure 4.6: 3J(HNHCα)-coupling constants and chemical shifts of WT α-synuclein from experi-
ment (blue) and simulation (red). A. 3J(HNHCα)-coupling constants of WT α-synuclein from experi-
ment (blue) [206] and simulation (red). B. Chemical shifts of α-carbons (Cα), amide nitrogens (N), hydro-
gen atoms attached to α-carbons (H) and carbonyl carbons (C) of WT α-synuclein from NMR (blue) [205]
and simulation (red). The x-axis giving residue numbers is also shown as a chain of blue, gold, pink and
red bars as defined in FIG. 1.1.
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Figure 4.7: Representative structures of the five most populated conformational clusters for WT α-
synuclein. N-terminus, NAC region and C-terminus are colored blue, pink and red, respectively. The
same coloring scheme is applied to further figures of this study. Cluster 2, representing 5.10 % of all
conformations, exhibits the formed β-hairpin (see green circle).
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Figure 4.8: Residual secondary structure content in WT α-synuclein and its largest cluster, cluster 1.
Fractions of α-helix, β-sheet and turn are shown in the top, middle and bottom panels, respectively. The
traces for WT α-synuclein and its cluster 1 are colored red and blue, respectively. The x-axis giving
residue numbers is also shown as a chain of blue, gold, pink and red bars as defined in FIG. 1.1.
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4.3.2 α-Synuclein and its Mutants Form β-Hairpin in Region
38-53
Having confirmed that the conformational ensemble generated in the α-synuclein simu-
lations is consistent with experimental data, we checked for β-hairpin conformations in
this conformational ensemble. Our cluster analysis revealed that cluster 2 exhibits β-
hairpin conformations spanning region 38-53, indicating that β-hairpins indeed arise in
the α-synuclein conformational ensemble. To further examine the statistical significance
of the formation of β-hairpin conformations, the root mean square deviations (RMSD) to
the β-hairpin conformations were evaluated over all trajectories of the WT simulations,
using the β-hairpin observed in cluster 2 as reference (FIG. 4.3). The analysis revealed
three β-hairpin folding events, each arising in a different trajectory, suggesting that the
observations of the β-hairpins are statistically robust. In addition, by counting all frames
involving the β-hairpin conformations, it turned out that ∼8% of the frames contain such
β-hairpin conformations, more than the population of cluster 2. Thus, β-hairpin confor-
mations arise also in other conformational clusters, indicating that the β-hairpins formed
in region 38-53 is not specific to any α-synuclein conformation. In one of the 10 WT
simulations (simulation 7), β-hairpin formed starting from the random coil conformation
in the pre-equilibration stage and unfolded at 2.1 µs. The long-lasting folding-unfolding
event might be attributed to the interaction of the C-terminus with the β-hairpin region,
which also caused an elevation of β-sheet structure in the C-terminal region (FIG. 4.5).
The importance of this interaction on folding events in the β-hairpin region is discussed
below.
To examine structural elements essential for a β-hairpin formed in region 38-53, all
sampled conformations with the local β-hairpin conformations were grouped together.
A center structure of the group was chosen such that the major part of the β-hairpin
conformations in the group falls within an RMSD distance of 6 A˚ to the center struc-
ture (FIG. 1.1B). Visual inspection on the center structure revealed that the β-hairpins
exhibit a well-defined pattern of hydrogen bonding (HB) interactions involving mainly
uncharged residues across two β-strands, β1 (L-38YVGSKT-44) and β2 (V-47GHVVG-
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Figure 4.9: Folding times of β-hairpins in region 38-53. The β-hairpin folding for the isolated β-
hairpin region or for the A30P and A53T mutants of full-length α-synuclein is faster than that of WT
full-length α-synuclein. The time (in µs) needed to achieve a β-hairpin structure in WT full length α-
synuclein (TABLE 4.1, WT), isolated β-hairpin region (Hairpin), isolated β-hairpin region with G47V
mutation (HairpinG47V), A30P mutant (A30P) and A53T mutant (A53T) of full-length α-synuclein is
shown in red, gold, blue, green and purple, respectively. Standard errors are shown as vertical error bars.
In the analysis a folding event is described as a two-state Poisson process arising during independent
folding simulations. Formation of β-hairpin arises infrequently in the simulations of α-synuclein, usually
not more than once in any simulation. In such case, the β-hairpin formation events can be treated
as a two-state Poisson process. The folding times of β-hairpins can thus be estimated by fitting the
observed first passage time of folding to Eq.∼1 [198] (see Methods). In case that folding into a β-hairpin
occurs on average more than once in a folding simulation, the folding time was estimated by dividing
the accumulated simulation time by the number of times the β-hairpin folds. The folding events were
identified according to change of the RMSD with respect to the center structure of the β-hairpin ensemble
identified for WT α-synuclein and its A30P, A53T mutants, respectively (FIG. 4.3). Backbone atoms of
the β-hairpin region (region 38-53) were selected as reference atoms for alignment and RMSD calculation.
A β-hairpin folding event starts with an RMSD value above 5 A˚ and ends when the RMSD value falls
below 3.25 A˚ (FIGS. 4.3 and 4.4). The folding time of the isolated β-hairpin region is 0.60 ± 0.03 µs,
much shorter than the times needed for the same segment to achieve β-hairpin structure in WT full-
length α-synuclein (60.23 ± 19.82 µs). The G47V mutation increased the folding time of the isolated
β-hairpin region 2.4-fold, namely to 1.43 ± 0.05 µs. Two mutations of full-length α-synuclein, A30P and
A53T, decreased the folding times of WT full-length β-hairpin 5.83- and 4.75-fold to 10.32 ± 5.56 µs and
12.67 ± 5.98 µs.
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53).
To examine whether mutations affect the formations of the β-hairpins, we performed
simulations (TABLE 4.1, A30P and A53T) of two familial mutants of α-synuclein, namely
A30P and A53T. The RMSD to the same β-hairpin structure as discussed above was
calculated for the mutant simulations, showing that the β-hairpins indeed arise in the
A30P and A53T mutants for 8 and 9 times, respectively. Hence, the β-hairpins formed in
region 38-53 seem to be a general structural feature for both α-synuclein and its mutants.
4.3.3 β-Hairpin Folds Faster when Isolated from α-Synuclein or
upon A30P or A53T Mutation
As the β-hairpins form only in a small segment (16 a.a.) of a much longer (140 a.a.)
peptide, the question arises whether the formation of the β-hairpin is due to an intrin-
sic propensity of the segment or if it requires the involvement of the remainder of the
peptide. To address this question, we isolated the β-hairpin region (region 36-55) from
α-synuclein and performed ten folding simulations of this region starting from unfolded
structures (TABLE 4.1, Hairpin). During these simulations, 50 folding- and unfolding-
events occurred. Since folding into a β-hairpin occurs on average more than once in an
independent folding simulation in isolated β-hairpin region, the folding time was estimated
by dividing the accumulated simulation time by the number of β-hairpin folding events.
The analysis of the simulations for the isolated β-hairpin region yields a β-hairpin folding
time of 0.60 ± 0.03 µs, much shorter than the times needed for the same segment to
achieve β-hairpin structure in WT full-length α-synuclein (60.23 ± 19.82 µs) (FIG. 4.9).
Taken together, the analysis suggests that formation of β-hairpin is an intrinsic property
of region 38-53 that is determined by the local sequence and is slowed down significantly
in the context of full-length α-synuclein.
We extended the approach described to estimate the β-hairpin folding rates for the
A30P and A53T mutants (TABLE 4.1, A30P and A53T). These two mutants are known
to accelerate α-synuclein aggregation, having a close link to early onset of Parkinson’s
disease [75,181–183]. If the β-hairpins are indeed important for aggregation, their forma-
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tion should be facilitated by the mutations. Indeed, the β-hairpin folding times for the
A30P and A53T mutants of full-length α-synuclein were found to be 10.32 ± 5.56 µs and
12.67 ± 5.98 µs, respectively, a 5- to 7-fold increase in the folding rate as compared to
that of WT full-length α-synuclein (FIG. 4.9).
4.3.4 C-terminus Interacts with β-Hairpin in α-Synuclein
An analysis of the folding in the β-hairpin region (region 38-53) reveals that the other
regions of α-synuclein can affect β-hairpin formation by interacting directly with the
β-hairpin region. To probe such interaction, we selected all β-hairpin-containing confor-
mations of α-synuclein and superimposed them in the β-hairpin region (region 38-53).
The superposition of the structures, as shown in FIG. 4.10, reveals that the N-terminus is
more localized around the β-hairpin region than is the C-terminus, owing to the shorter
distance in sequence between N-terminus and β-hairpins in region 38-53. Yet, one can
recognize that there are a group of conformations in which the C-terminus is more likely
to cluster around β2 (region 47-53) of the β-hairpin region, indicating that there arises a
strong interaction between C-terminus and forming β-hairpins. The interactions involving
the C-terminus were further confirmed by a contact map of the α-synuclein conformational
ensemble (FIG. 4.11) which clearly shows long-range contacts between region 38-53 (β-
hairpin) and region 118-130 (C-terminus). Notably, these contacts are the only noticeable
long-range contacts seen in our α-synuclein simulations.
To assess further the stability of the long-range contacts, we performed a series of
simulations (TABLE 4.1, InteractionWT, InteractionA30P and InteractionA53T) of α-
synuclein as well as of its A30P and A53T mutants starting from the center structure of
the conformational ensemble containing the β-hairpins (region 38-53) in contact with
the C-terminus (region 118-130, VDPDNEAYEMPSE) (FIG. 1.1B). The final struc-
tures that resulted from these simulations are shown in FIG. 4.12. The interactions
between β-hairpin (region 38-53) and C-terminus (region 118-130) are maintained in most
cases (WT: 10/10, A30P: 9/10, A53T: 9/10), indicating that the interactions formed be-
tween C-terminus and β-hairpin region are not sensitive to the mutations introduced,
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Figure 4.10: β-hairpin interacting with α-synuclein C-terminus. A. Overlay of structures of simulated α-
synuclein containing β-hairpin formed in region 38-53. The structures are aligned at the β-hairpin region
shown in gold (region 38-53). N-terminus, β-hairpin region, NAC region and C-terminus are colored blue,
gold, pink and red, respectively. Shown beneath the structure is a schematic depiction of the α-synuclein
segments as defined in FIG. 1.1. B. Distribution of solvent-accessible surface area (SASA) of β-hairpins
in region 38-53. The distribution is colored green and purple to distinguish buried and exposed β-hairpin
conformations, respectively.
which is consistent with experimental findings [155,165].
The strong interactions between β-hairpin and C-terminal region may reduce the ac-
cessibility of the β-hairpin region for other parts of α-synuclein. To test this possibil-
ity, we calculated the solvent-accessible surface area (SASA) of region 38-53 for the β-
hairpin-containing ensemble. The SASA distribution of the β-hairpin region, as shown in
FIG. 4.10C, displays two peaks, one being centered at 280 A˚2 (green) and the other at
460 A˚2 (purple). The bimodal distribution suggests that there are at least two types of
β-hairpin conformations, each exhibiting different exposure of surfaces. Inspection of the
structures containing the less exposed β-hairpins revealed indeed significant interactions
formed between C-terminus and region 38-53. Therefore, the C-terminus of α-synuclein
appears to reduce the accessibility of formed β-hairpin and, thereby, to prevent an inter-
action with other α-synucleins during the aggregation processes.
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Figure 4.11: Contact map of WT α-synuclein. Contacts between β-hairpin structure (region 38-53) and
C-terminus (region 118-130) are circled in green (see also FIG. 1.1B). The probability of contact between
residues i and j within the α-synuclein monomer was calculated as the probability for the centers of
mass of the two residues to be within a distance of 8.5 A˚. Free energy (G) is calculated from residual
contact probabilities (P) as G = -kBT×ln(P). Plotted are the contact probabilities from most favorable
contact to least favorable contact in terms of relative free energy (kcal/mol). Colors are defined here,
as seen in the color bar on the right, in terms of relative free energy (kcal/mol) colored from dark blue
to yellow. The x-axis of the contact map is shown as a chain of blue, gold, pink and red bars denoting
the positions of N-terminus, β-hairpin region, NAC region and C-terminus on the map, respectively, as
defined in FIG. 1.1. Contacts between adjacent residues are removed for clarity.
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Figure 4.12: Stability of interactions between C-terminus and β-hairpin structure in WT α-synuclein
and its A30P and A53T mutants. Starting from the center structure of the conformational ensemble
containing the β-hairpins (region 38-53) in contact with the C-terminus (region 118-130, FIG. 1.1B), ten
200-ns simulations were performed on WT α-synuclein and its A30P and A53T mutants (TABLE 4.2,
InteractionWT, InteractionA30P and InteractionA53T). Final frames of the 10 simulations are shown
in cartoon representation. β-hairpin and C-terminus are shown in gold and red, respectively. The
interactions between β-hairpin structure and C-terminus are maintained in most cases (WT: 10/10,
A30P: 9/10, A53T: 9/10). Circled in green are the simulations in which the interactions between β-
hairpin structure and C-terminus got lost. The remainder of α-synuclein is shown in grey.
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Figure 4.13: Two pathways of β-hairpin formation. Pathway 1 (trajectory 1) follows a fast “zipper out”
route, pathway 2 (trajectory 4) follows a “zipper in” route as discussed in the text. Shown are the back-
bone atoms of the β-hairpin region (region 38-53) in cartoon (gold) and licorice representations (carbon
atoms in light blue, nitrogen in dark blue, oxygen in red and hydrogen in white). Hydrogen bonds are
highlighted through black dashed lines between carbonyl oxygen and amine nitrogen atoms. Hydrogen
bonded residues are labeled. A cartoon representation of the β-hairpin is shown at the bottom of each
pathway to illustrate the hydrogen-bonding pattern.
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4.3.5 α-Synuclein Achieves β-Hairpin Conformations via Two
Major Pathways
One may wonder whether the formation of β-hairpin conformations in α-synuclein and
its mutants follows specific folding pathways. To address this question, we compiled the
transition trajectories of β-hairpin folding from all simulations of the isolated β-hairpin
region, noting that the large number of observed folding transitions seen in these simu-
lations provide a robust description of the folding process. The analysis of the transition
trajectories revealed that there are two major types of pathways through which β-hairpin
conformations are achieved. The two pathways are depicted in FIG. 4.13. In the major
pathway (pathway 1), the folding into a β-hairpin initiates near its turn region, often
involving HB interactions between backbones of residue pair V43-V48 or T44-G47. Then
from the turn region the HB pattern propagates toward the termini of the β-hairpins,
L38 and A53. In a less frequented pathway (pathway 2), HB interactions arise in regions
away from the turn region, usually involving backbones of region 38-41 (LYVG) from β1
and region 48-53 (VVHGVA) from β2, at the beginning of the folding processes. The
HB interactions propagate then towards the turn region and eventually throughout the
β-hairpin structure.
We next examined in which pathways the β-hairpin conformations in α-synuclein and
its mutants arise (TABLE 4.2). It turned out that for WT α-synuclein, β-hairpins occur
only via pathway 1. For the two α-synuclein mutants, β-hairpin folding involves both
System Pathway 1 Pathway 2
WT 3/3 0/3
A30P 6/8 2/8
A53T 5/9 4/9
Hairpin 32/50 18/50
HairpinG47V 10/21 11/21
Table 4.2: Frequencies of two β-hairpin formation pathways. The total numbers of folding events are
shown as denominators. The numbers of folding events from pathway 1 and 2 are shown as numerators.
The system names are defined as in TABLE 4.1.
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pathways while pathway 1 is still more favorable.
Since pathway 1 is the major pathway of β-hairpin formation, we focused on the turn
region that initiates the folding process. Inspection of the observed β-hairpin conforma-
tions showed that the turn region (region 43-47) adopts mainly a 4:6 β-turn structure, a
turn motif commonly seen in β-hairpins [217]. In order to form this turn motif, the residue
at a key position in the turn region, which corresponds to G47 in α-synuclein, must adopt
a left-hand-α-helical (Lα) conformation. It has been shown that a mutation at this posi-
tion can affect the kinetics of β-hairpin formation by changing the Lα-propensity of the
residue at this position and that glycine is one of the amino acids exhibiting the highest
Lα-propensity and, thereby, the best fit into this position [217, 218]. Thus, to test the
influence of the turn region on the β-hairpin formation in α-synuclein, we introduced at
residue 47 a valine mutation that is known to lower Lα-propensity [192]. Our simulations
of the isolated β-hairpin region with the G47V mutation showed indeed that the folding
rate becomes reduced by about 2.4-fold (FIG. 4.9). We examined further the impact of
the G47V mutation on the conformational features of residue 47 (FIGS. 4.14 and 4.15).
The analysis revealed that valine at residue 47 exhibits a much smaller chance to adopt
Lα-conformations than does glycine at the same position (∼ 1% vs ∼ 26%).
4.4 Discussion
In the present study, we sought to describe in atomic detail monomeric structures of
α-synuclein relevant for fibril formation and Parkinson’s disease. To this end, we per-
formed altogether over 150 µs in aggregated time of unbiased molecular dynamics simu-
lations of α-synuclein monomers to characterize conformational ensembles of α-synuclein
and its aggregation-prone mutants, namely A30P and A53T [75, 181–183]. To overcome
the difficulties in sampling through MD simulations the large conformational space that
α-synuclein can access, we employed a hybrid-resolution model [72, 188, 189] that can
accelerate such simulations significantly. The long-time simulations generated ensem-
bles of heterogeneous structure that agree well with experimental observables regarding
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Figure 4.14: Ramachandran plot of glycine 47 in the isolated β-hairpin region. This plot illustrates
residual structural conformations through backbone dihedral angles φ and ψ. Distributions of these
angles indicate favorable conformations of glycine 47. Plotted are the dihedral angles φ and ψ according
to if the angles belong the most favorable conformation or to the least favorable conformation. Colors
are defined here, as seen in the color bar on the right, in terms of relative free energy (kcal/mol) colored
from dark red to white. Free energy (G) is calculated from angle distribution probabilities (P) as G =
-kBT×ln(P). Regions on the Ramachandran plot favoring α-helices and left-hand-α-helical conformations
are denoted as α and Lα, respectively.
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Figure 4.15: Ramachandran plot of valine 47 in the isolated β-hairpin region with G47V mutation. This
plot illustrates residual structural conformations through backbone dihedral angles φ and ψ. Distributions
of these angles indicate favorable conformations of valine 47. Plotted are the dihedral angles φ and ψ for
the valine side group at amino acid sequence position 47. Colors are defined as in FIG. 4.14. Regions on
the Ramachandran plot favoring α-helices and β-sheet conformations are denoted as α and β, respectively.
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overall conformational features, secondary structure content (FIG. 4.5) as well as residual-
level structural features (FIG. 4.6). The ensembles characterized allow us to identify key
β-hairpin conformational states of the α-synuclein monomer and to reveal the role of
β-hairpin states in α-synuclein aggregation processes and fibril formation.
The ensembles generated from long-time simulations agree well with multiple exper-
imental observables regarding overall conformational features, secondary structure con-
tent (FIG. 4.5) as well as residual-level structural features (FIG. 4.6). The radius of
gyration of the ensembles are 3.14 ± 0.70 nm, much smaller than those estimated from
a random coil model (5.2 nm) [158], agreeing with previous experimental results that α-
synuclein monomer exists as a much more compact structure than random coils [158,177].
The simulation ensembles generated also show long-range contacts between region 38-
53 (β-hairpin) and region 118-130 (C-terminus) (FIG. 4.11). Long-range contacts have
been observed in several studies [54, 152, 160, 170]. NMR and EPR methods characterize
long-range contacts between C-terminus and N-terminus/NAC regions of α-synuclein, es-
pecially between region 40-80 and 110-130 [54, 152, 160]. With Monte Carlo simulations
guided by restraints due to EPR data, long-range contacts were predicted in an earlier
study [170] between multiple segments of region 38-100 and 104-130, however such model
lacks secondary structural information. In the present study, the ensembles generated
from long-time simulations identified structure for long-range contacts between region 38-
53 (β-hairpin) and region 118-130 (C-terminus) (FIGS. 1.1B) and characterized β-hairpin
structure involved in the long-range contact.
A general question regarding protein aggregation as observed for α-synuclein is whether
particular monomeric conformations of a protein are essential for aggregation. Both prior
experimental and computational studies, in seeking such conformations for amyloid-β
and amylin peptides, revealed β-hairpin conformations of monomers resembling those
of the aggregated forms of the peptides [58, 78, 154, 170, 180, 212, 219–221]. Although
for α-synuclein a similar β-hairpin-like conformation has not been fully characterized, a
recent experimental study demonstrated that α-synuclein monomers can be recognized
by a peptide targeting specifically β-hairpins, indicating the existence of β-hairpin in
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monomer structures of α-synuclein [58]. In the present study, our simulations reveal that
conformations containing β-hairpin arise indeed for both α-synuclein and its A30P and
A53T mutants (TABLE 4.2). The observed β-hairpin conformations usually involve two
anti-parallel β-strands, namely β1 (region 38-44) and β2 (region 47-53), that are con-
nected by a turn located at 44-47 (FIG. 1.1B). Our results are consistent with previous
computational and bioinformatics studies based on secondary-structure predictions and
aggregation index [58, 78, 154, 170, 180, 212, 219–221] that all showed a high tendency for
regions 38-40 and 50-53 of α-synuclein to assume β-strand structures. The results of our
simulations agree also closely with β-hairpin structure observed from NMR by peptide
sequestration [58] in structural and hydrogen-bonding pattern (FIG. 4.13). Indeed, the β-
hairpin-forming region identified (region 38-53) are formed by two β-sheet (region 38-43,
48-53) connected by a β-turn (region 44-47), the same structure identified in the NMR
study [58]. Three hydrogen bonds in the NMR β-hairpin structure (L38-A53, V40-G51,
S42-V49) [58] are also observed in our simulations. Interestingly, the β-hairpin-forming
region identified (region 38-53) overlaps well with the region (region 37-59) found to form
the first strand-loop-strand motif in the core structures of α-synuclein fibrils [78]. Thus,
it is likely that the fibrillar structures may have already been achieved, at least partly, in
α-synuclein monomers prior to aggregation (TABLE 4.2).
Previous experimental and theoretical studies have proposed two possible mechanisms
of β-hairpin folding, namely a “zipper-out” mechanism, by which the folding process
starts at the turn of a β-hairpin and propagates toward two termini, and a “zipper-in”
mechanism, by which the folding proceeds in the opposite direction [222–226]. In the
present study, although both mechanisms were observed (FIG. 4.13), the majority of β-
hairpin folding events followed the “zipper-out” mechanism through which the formation
of a critical β-turn in region 44-47 triggers the formation of the entire β-hairpin.
Previous kinetic and mutagenesis studies have proved that the kinetics of β-hairpin
folding via the “zipper-out” mechanism is determined largely by formation of the central
turn of a β-hairpin [53, 71, 222–225, 227–230]. In the present study, our MD simulations
reveal that formation of the β-hairpins in α-synuclein can be significantly slowed down by
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a single mutation, G47V, introduced to eliminate an Lα-conformation at residue 47 that is
otherwise needed for formation of a special type of β-turn structure [222–225,227,231–234]
in region 44-47. If the formation of local β-hairpin is indeed essential for α-synuclein
aggregation, our finding suggests that the G47V mutation slows down the aggregation
processes (FIG. 4.9). We are unaware of any prior study investigating the effects of a
mutation in residue 47 on α-synuclein aggregation. Interestingly, a familial E46K mutant
of α-synuclein exhibits increased fibril formation and early-onset Parkinson’s disease [142,
235], indicating the importance of the β-turn region (region 44-47) in aggregation. The
aggregation-inhibiting G47V mutation proposed here awaits further experimental tests
which could potentially reveal new insights into the mechanism of α-synuclein aggregation.
The present study suggests that formation of a β-hairpin precedes α-synuclein aggre-
gation by providing an initiation site for oligomerization (FIG. 4.16). Our simulations
support the key role of β-hairpins in seeding α-synuclein aggregation in three respects.
First, the simulations revealed that β-hairpins in region 38-53 are an intrinsic structural
feature of both WT α-synuclein and its familial mutants in Parkinson’s disease. The
β-hairpin region corresponds to the first two of five β-strand regions constituting the core
structures of α-synuclein fibrils [78] (FIG. 4.5, 4.9 and TABLE 4.2). In addition, A30P
and A53T mutations, which enhance α-synuclein aggregation, accelerate also the forma-
tion of β-hairpins (FIG. 4.9 and TABLE 4.2). Furthermore, our simulations revealed that
the C-terminus of α-synuclein tends to interact with a β-hairpin in region 38-53 and,
thus, reduces its accessibility for inter-molecular interactions (FIGS. 1.1B and 4.10). If
the β-hairpins are needed for the aggregation process, our simulation results indicate that
the C-terminus protects α-synuclein against aggregation, which is indeed consistent with
experiments showing that removal of the C-terminus significantly accelerates α-synuclein
aggregation [150,155,160–165].
Salt was not modeled in most of the simulations performed in this study. To assess
the effect of salt on β-hairpin formation, we have also simulated region 36-55 isolated
from α-synuclein at physiological salt concentration (0.15M NaCl) [189,196]. We isolated
the β-hairpin region (region 38-53) of WT α-synuclein and simulated the segment in the
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Figure 4.16: Role of β-hairpin in possible α-synuclein aggregation. N-terminus, β-hairpin region, NAC
region and C-terminus are shown as blue, gold, pink and red tubes, respectively. A-F denote various
stages of the aggregation process. A. α-synuclein monomers assume diverse disordered structures in rapid
exchange. B. Occasionally region 38-53 of α-synuclein monomers assumes a β-hairpin conformation. C.
The folding to the β-hairpin is accelerated by two aggregation-prone mutations, namely A30P and A53T.
D. The C-terminus of α-synuclein can interact with the β-hairpin formed and protect α-synuclein against
interaction with other α-synuclein molecules. E. Unprotected (by the C-terminus) β-hairpins participate
in intermolecular interactions, particularly with the β-hairpins of other α-synuclein, likely via hydrogen
bonds and hydrophobic contacts. F. Possible α-synuclein aggregate resulting from β-hairpin interactions,
the β-hairpins acting as possible nuclei that initiate the formation of a fibril with extended β-sheet
structure (β1-β5); fibril formation is irreversible [78]. G. Schematic depiction of α-synuclein structure as
defined in FIG. 1.1.
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Figure 4.17: Residual secondary structure content in isolated β-hairpin region (region 38-53) for WT
α-synuclein in water and in the presence of salt. Fractions of α-helix, β-sheet and turn are shown in the
top, middle and bottom panels, respectively. The traces for isolated β-hairpin region (region 38-53) for
WT α-synuclein in water and in the presence of 0.15M NaCl physiological salt concentration are colored
orange and blue, respectively.
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Figure 4.18: Hairpin RMSD values arising in simulations of the isolated β-hairpin region (region 38-53)
for WT α-synuclein in water and in the presence of salt. The RMSD values are plotted over simulation
time in gold (in water) and blue (in the presence of 0.15M NaCl physiological salt concentration), re-
spectively. Backbone atoms of the β-hairpin region (region 38-53) were selected as reference atoms for
alignment and RMSD calculation. Individual simulations were separated by dotted lines. The cutoffs
defining folding (3.25 A˚) and unfolding (5.00 A˚) are shown as black lines. A β-hairpin folding event is
defined as a transition of the β-hairpin region (region 38-53) from an unfolded state (RMSD > 5.00 A˚)
to a folded state (RMSD < 3.25 A˚).
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absence and presence of salt. In our simulation, the radius of gyration of the α-synuclein
monomer β-hairpin region has been found not to be affected (0.86 ± 0.10 nm without salt
vs. 0.85 ± 0.10 nm with 0.15M NaCl), indicating that the compactness of the α-synuclein
β-hairpin region is not affected by physiological salt concentration. Both the secondary
structural properties (FIG. 4.17) and the β-hairpin formation rate (FIG. 4.18) remain
largely unchanged (0.60 ± 0.03 µs without salt vs. 0.53 ± 0.10 µs with 0.15M NaCl),
indicating salt does not affect the observation of β-hairpin formation. Previous experimen-
tal studies suggest that α-synuclein secondary structures are affected by salt [153, 236].
It is likely that this salt effect on secondary structure is outside the β-hairpin region,
and, therefore, imperceptible for our simulation of the folding of the β-hairpin region. To
fully investigate a salt effect requires long time simulations of full-length α-synuclein in
the presence of salt, which are presently too demanding computationally. In addition,
MARTINI solvent model [195] employed here does not account explicitly for the dielec-
tric property of water and, thus, may not describe properly the outcome of a significant
dielectric change in the environment due to salt. Altogether, caution is needed when
interpreting the results from the present study in regard to salt effects.
For proteins of the size of α-synuclein, conformational changes occur over a broad
range of timescales. The question arises whether 3-µs simulations are long enough to
achieve convergence for conformational changes and β-hairpin formation that are of in-
terest in the present study. We examined secondary structure change of α-synuclein by
monitoring percentage of secondary structure contents over WT α-synuclein simulations
using VMD [1] (FIGS. 4.19, 4.20 and 4.21). Neither β-hairpin nor β-sheet conformation
is present in starting structures. Secondary structure contents reached equilibrium values
within 1 µs of simulation. In addition, we examined large scale conformational changes
of α-synuclein through its end-to-end distance. The auto-correlation time of end-to-end
distances of the WT was calculated to be 24.9 ± 9.1 ns, suggesting that within the 3-us
simulations, two ends of α-synuclein should have come close to and separated from each
other multiple times (FIG. 4.19).
The present study suggests that formation of a β-hairpin precedes α-synuclein aggre-
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Figure 4.19: Auto-correlation time of end-to-end distance and secondary structure content for WT
α-synuclein simulations. A, B. Secondary structure content for α-synuclein simulations (TABLE 4.1).
Secondary structure contents were analyzed using VMD [1]. Percentage of α-helix, β-sheet (A) and
turn (B) averaged over 10 WT α-synuclein simulations are shown in blue diamonds, red squares and
green triangles, respectively. Standard deviations are shown in error bars. C. Auto-correlation time of
end-to-end distance for α-synuclein simulations. Auto-correlation time at each time point was obtained by
fitting end-to-end distance from beginning of simulation to Python ACOR package [237]. Auto-correlation
time for 10 WT α-synuclein simulations are shown in blue dots.
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Figure 4.20: Auto-correlation time of end-to-end distance and secondary structure content for α-
synuclein A30P mutant simulations. A, B. Secondary structure content for α-synuclein simulations (TA-
BLE 4.1). Percentage of α-helix, β-sheet (A) and turn (B) averaged over 10 α-synuclein A30P mutant
simulations simulations are shown in blue diamonds, red squares and green triangles, respectively. Stan-
dard deviations are shown in error bars. C. Auto-correlation time of end-to-end distance for α-synuclein
simulations. Auto-correlation time for 10 α-synuclein A30P mutant simulations are shown in blue dots.
Plotting scheme is defined in FIG. 4.19.
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Figure 4.21: Auto-correlation time of end-to-end distance and secondary structure content for α-
synuclein A53T mutant simulations. A, B. Secondary structure content for α-synuclein simulations (TA-
BLE 4.1). Percentage of α-helix, β-sheet (A) and turn (B) averaged over 10 α-synuclein A53T mutant
simulations simulations are shown in blue diamonds, red squares and green triangles, respectively. Stan-
dard deviations are shown in error bars. C. Auto-correlation time of end-to-end distance for α-synuclein
simulations. Auto-correlation time for 10 α-synuclein A53T mutant simulations are shown in blue dots.
Plotting scheme is defined in FIG. 4.19.
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gation by providing an initiation site for oligomerization. Our simulations support the
key role of β-hairpins in seeding α-synuclein aggregation in three respects. First, the
simulations revealed that β-hairpins in region 38-53 are an intrinsic structural feature
of both WT α-synuclein and its familial mutants in Parkinson’s disease. The β-hairpin
region corresponds to the first two of five β-strand regions constituting the core struc-
tures of α-synuclein fibrils [78] (FIG. 1.1, 4.9 and TABLE 4.2). In addition, A30P and
A53T mutations, which enhance α-synuclein aggregation, accelerate also the formation
of β-hairpins (FIG. 4.9 and TABLE 4.2). Furthermore, our simulations revealed that the
C-terminus of α-synuclein tends to interact with a β-hairpin in region 38-53 and, thus,
reduces its accessibility for inter-molecular interactions (FIGS. 1.1B and 4.10). If the
β-hairpins are needed for the aggregation process, our simulation results indicate that
the C-terminus protects α-synuclein against aggregation, which is indeed consistent with
experiments showing that removal of the C-terminus significantly accelerates α-synuclein
aggregation [150,155,160–165].
Taken together, a picture emerges how formation of β-hairpins is possibly involved in
α-synuclein aggregation. FIG. 4.16 shows the process of possible fibril formation assisted
by β-hairpins. At physiological conditions, α-synuclein monomers remain as an ensemble
of diverse disordered structures in rapid exchange with each other (FIG. 4.16A). Occasion-
ally region 38-53 of α-synuclein monomers assumes a β-hairpin conformation (FIG. 4.16B).
The kinetics of the formation of the β-hairpins is accelerated by certain aggregation-
prone mutations such as A30P and A53T (FIG. 4.16C). Once the β-hairpins arise, the
C-terminus of α-synuclein may interact with the β-hairpins formed and, thereby, pre-
vent a respective α-synuclein monomer from interacting with other α-synuclein molecules
(FIG. 4.16D). Without such prevention, the β-hairpins formed can participate in inter-
molecular interactions, particularly with the same β-hairpin region of other α-synuclein
molecules, likely via hydrogen bonding and hydrophobic contacts (FIG. 4.16E). The pre-
complexes resulting from the β-hairpin interactions can serve as possible nuclei to complete
the complexes and, thereby, yield a possible fibril with extended β-sheet structures (β1-
β5) [78], the latter rendering the fibril formation irreversible (FIG. 4.16F).
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Protein misfolding contributes to degenerative diseases like Parkinson, focused on here,
but also Alzheimers or diabetes, diseases that emerge very frequently today as human life
expectancy has increased. Development of treatments hinges on an understanding of
the atomic level relationship between protein misfolding and pathological protein aggre-
gation that likely only a combination of observation and simulation can provide. The
challenge for simulations is the long time scale required to reach meaningful results. The
best chance to overcome this challenge are coarse-grained molecular dynamics simula-
tions, not as a blind tool simplifying calculations without regard to the physical process
that needs to be described, but rather as a tool adjusted to the scientific problem. The
PACE [188, 190] coarse-grained molecular dynamics approach is well suited to long-time
protein folding simulations [189] as well as to simulation of misfolding as demonstrated
in case of fibril elongation in case of Aβ peptides and, as demonstrated here, in the ini-
tial phase of α-synuclein fibril formation. Development of PACE [188, 190] and of other
coarse-grained methods is both an exciting area of modern chemical physics as well as an
extremely relevant area of modern biological physics that holds the promise to prevent
human suffering.
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